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ABSTRACT
EXPLORE THE REGULATORY ROLES OF MICRORNAS IN SPERM
FORMATION AND FUNCTION OF C. ELEGANS

Lu Lu, B.S.
Marquette University, 2022

Gene regulation mediated by microRNAs (miRNAs) at the posttranscriptional level is important for producing functional sperm in diverse
species including C. elegans. However, the specific regulatory roles of
miRNAs in this process are largely unknown. The central goal of my
dissertation is to address this question. I proposed to study the function of
miRNAs enriched in male gonads, which are approximately 95% germ cells
and 5% somatic cells. I isolated adult gonads of males and hermaphrodites
for small RNA sequencing and the analysis revealed a differential miRNA
expression profile between hermaphrodite and male gonads. 29 male gonadenriched miRNAs have the potential to function in regulating
spermatogenesis. Many of them had no available loss of function mutations.
Therefore, I used CRISPR/Cas9 genome editing to generate miRNA mutants
with single miRNA or a miRNA cluster deleted. To identify miRNAs that
regulate sperm formation or function, male and hermaphrodite fertility in
miRNA mutants were assessed by mating assays, brood size assays, and
sperm quantification. None of the miRNA mutants had male sterility,
suggesting that single miRNA or miRNA clusters are not required for sperm
function. However, four miRNA mutants produced fewer spermatids,
suggesting possible defects in spermatogenesis. Three of these miRNA
mutants also had lower brood size in hermaphrodites, likely due to defects in
spermatogenesis. Genetic analysis of multiple miRNA mutants suggested
interaction among these miRNAs. Further analysis suggested that meiotic
progression defects in these mutants may account for the observed
decreased sperm production. Computational analysis was used to generate
miRNA-target regulatory network, which revealed potential targets for further
study, suggesting complex genetic miRNA interaction to regulate germ cell
development and differentiation during spermatogenesis. Taken together, this
study furthered understanding of specific roles of miRNA in the male germline
and somatic gonad that promote male fertility and fecundity.
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Chapter 1: Background and Introduction
Overview
microRNAs (miRNAs) are a class of small non-coding RNAs of ~22nt
in length that regulate gene expression at the post-transcriptional level.
miRNAs typically mediate regulation by repressing translation and
destabilizing target mRNAs resulting in mRNA degradation through binding to
3’ untranslated region (3’UTR) of its targets (Fabian et al., 2010). As a result,
a reduced level of protein is produced for the target gene. miRNAs are found
in diverse organisms from plant to animal, including A. thaliana, C. elegans,
D. melanogaster, and H. sapiens (Berezikov, 2011; Friedman et al., 2009; Lall
et al., 2006; Rhoades et al., 2002). In humans, up to 60% of protein-coding
genes are potentially targeted by miRNAs (Friedman et al., 2009). miRNAs
play important roles during development by regulating various cellular
processes, including cell proliferation, cell differentiation, and cell survival.
miRNAs have been implicated in a wide range of diseases, including cancer,
cardiovascular diseases, neurological disorders, fragile X syndrome,
infectious diseases and others (Bakhshi et al., 2016; Boyerinas et al., 2010;
Cao et al., 2016; Chandra et al., 2017b; Esteller, 2011; He et al., 2018;
Plaisier et al., 2012; H. Wang et al., 2021; Zhou et al., 2019). The elucidation
of miRNA function will further our understanding of the pathophysiology of
human diseases, and therefore, provide insights into the study of potential
therapeutic targets or prognostic approaches (Hanna et al., 2019).

miRNA biogenesis and function
miRNAs are typically transcribed by RNA polymerase II (RNAPII) in the
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nucleus from independent miRNA-coding genes or introns of protein-coding
genes to produce primary miRNA (pri-miRNA) hairpin. The pri-miRNA is
processed by the Microprocessor complex (DGCR8-Drosha) into ~70 nt
precursor miRNA (pre-miRNA) followed by export to the cytoplasm
(Figure 1.1). In a non-canonical pathway, transcription of short introns
(mirtrons) followed by splicing and debranching can also produce pre-miRNA
(Chong et al., 2010). Next, the pre-miRNA is further processed by Dicer into a
~22 nt mature miRNA duplex. miRNAs recognize a target mRNA through
imperfect binding between the miRNA and the 3’UTR of its target mRNA
(Duchaine & Fabian, 2018). The mature duplex is composed of the guide
strand (miRNA) and the passenger strand (miRNA*). Then the miRNA-target
duplex forms a miRNA-induced silencing complex (miRISC) with Argonaute
and its interacting proteins (Figure 1.1). Usually, only the guide strand is
incorporated into miRISC, and the passenger strand is released from the
complex and degraded (Krol et al., 2010). Sometimes, the miRNA* strand can
also be loaded into miRISC to function as a miRNA (Czech et al., 2009;
Ghildiyal et al., 2010; Okamura et al., 2009). The miRISC is capable of
recruiting deadenylases and other factors to destabilize the target mRNA or to
block translation initiation or elongation (Duchaine & Fabian, 2018). As a
result, the activity of miRISC induces reduced target protein production (Wu
et al., 2012a).
Unlike animal miRNA biogenesis, plant miRNA processing is
completed in nucleus (Millar & Waterhouse, 2005). Transcription by RNAPII
generates pri-miRNAs for processing into pre-miRNAs by the DICER-LIKE
RNase III endonuclease 1 (DCL1) complex involving many protein factors
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including dsRNA-binding protein HYPONASTIC LEAVES 1(HYL1), and zinc
finger protein SERRATE (SE) (Dong et al., 2008). DCL1 further processes
pre-miRNAs into miRNA/miRNA* duplex to be exported to cytoplasm, where
one mature miRNA strand is incorporated into Argonaute-1 to form miRISC
and this induces target mRNA cleavage (Millar & Waterhouse, 2005).

Figure 1. 1 Simplified microRNA biogenesis and function model.
Revised from Duchaine and Fabian, 2018.

Regulation of miRNA biogenesis and function
The production of miRNAs is regulated both transcriptionally and posttranscriptionally (Ha & Kim, 2014; Krol et al., 2010; Michlewski & Cáceres,
2019). This allows for the temporal and spatial expression of miRNAs,
therefore, affecting miRNA function.
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Transcriptional regulation of miRNA biogenesis
miRNA sequences can be located in intergenic regions and introns of
protein-coding genes (Berezikov, 2011). When located in introns of proteincoding genes, miRNAs can either have a distinct promoter from the host gene
or share the promoter of the host gene to initiate the transcription of miRNAs.
Some miRNAs are located in close proximity to each other, and miRNAs in
such a cluster are usually co-transcribed (Ha & Kim, 2014). In a study of
miRNA promoter-driving GFP transgene expression in C. elegans, 65%
miRNA promoter activity reporters examined had temporal GFP expression
pattern overlapped with miRNA expression pattern by Northern blotting,
indicating that the expression of some miRNAs is mostly determined by
promoter-mediated regulation (Martinez, Ow, et al., 2008). Transcription
factors (TFs) regulate miRNA transcription both positively and negatively
(Martinez & Walhout, 2009; Ow et al., 2008). Studies have suggested that
transcription factors have great potential to shape the miRNA profile (Bell et
al., 2014; Cinegaglia et al., 2016; Z. Guo et al., 2014; Suzuki et al., 2017) and
may form feedback loops with miRNAs when specific transcription factor is
targeted by miRNAs (Martinez, Maria C. Ow, et al., 2008). The RNAPIImediated transcription of miRNA genes is also regulated by enhancers,
repressors, and chromatin modifications. For example, as a class of
regulatory regions that consists of multiple TF binding sites and is associated
with active chromatin markers, super enhancers (SE) indirectly act on
promoter to regulate gene transcription (Suzuki et al., 2017). The SEs can not
only stimulate the transcription of miRNA genes, but also recruit DGCR8-
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Drosha to process pri-miRNAs. And this SE-associated regulation is important
for the tissue-specific miRNA profile in human cells (Suzuki et al., 2017).
Regulation of Microprocessor complex
The activity of Microprocessor complex is regulated by various
mechanisms. Drosha belongs to RNase III-type endonucleases and functions
by forming a complex with its partner DGCR8 (Denli et al., 2004; Kadener et
al., 2009; Mechtler et al., 2017). At the C terminus, Drosha has a dsRNAbinding domain (dsRBD) and two tandem RNase III domains. Its middle
domain is bound by DGCR8 which recognizes pri-miRNAs with two dsRBDs.
This DGCR8-Drosha interaction is necessary for Drosha to mediate primiRNA processing, and interestingly, there is autoregulation within the
Microprocessor complex. The binding by DGCR8 can stabilize Drosha, and
Drosha can negatively regulate DGCR8 by cleaving a hairpin structure at the
5’UTR of DGCR8 mRNA (Han et al., 2009; Triboulet et al., 2009). Except
DGCR8, Drosha can also cleave miRNA-like hairpin structures in proteincoding mRNA such as Neurogenin 2 (Lee & Shin, 2018), suggesting a role of
Drosha independent of miRNA processing. In vitro, the ratio of Drosha to
DGCR8 can affect the function of Microprocessor to process pri-miRNA. It
was shown that a 3-fold of DGCR8 relative to Drosha results in reduced
production of pre-miRNA from pri-miRNA compared to 1 to 1 ratio (Gregory et
al., 2004). This could suggest that normal Microprocessor function requires
the expression level of Drosha and DGCR8 to be regulated. The canonical
pathway for miRNA production involves the activity of DGCR8-Drosha
(Figure 1.1), however, mirtrons, small nucleolar RNA-derived miRNAs,
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miRNAs from endogenous short hairpin RNAs, and miRNA from tRNAs have
their production independent of DGCR8-Drosha (Ha and Kim 2014).
Regulation of pre-miRNA processing
With the processing by DGCR8-Drosha Microprocesssor, pre-miRNAs
are produced and exported into the cytoplasm with a RanGTP-dependent
Exportin5 (Bohnsack et al., 2004; Yi et al., 2003). Subsequently, the premiRNA is further processed by Dicer in cytoplasm (Figure 1.1). Dicer is mainly
composed of catalytic RNase III domains at the C terminus and a helicase
domain at the N terminus to bind to pre-miRNA and TRBP (TAR-RNA binding
protein) (Ha & Kim, 2014). TRBP binding to Dicer was shown to promote the
activity of Dicer to mediate miRNA processing (E. Ma et al., 2008), and
knockdown of TRBP resulted in reduced miRNA biogenesis (Chendrimada et
al., 2005). As a result of cleavage site preference of two RNase domains in
Dicer, the 5’ or 3’ overhang length of different miRNAs could be varied
(Starega-Roslan et al., 2015). There is an auto-regulation negative feedback
loop between Dicer and let-7 miRNA, in which over expression of let-7
induces reduction of Dicer, resulting in decreased production of various
miRNAs (Forman et al., 2008; Tokumaru et al., 2008). And this Dicer-Let-7
autoregulation could integrate signaling input to influence miRNA biogenesis.
For example, Hippo pathway effectors TAZ and YAP is required for premiRNA processing in a Let-7-dependent pathway, in which loss of TAZ and
YAP is associated with reduced pre-miRNA processing but accumulated Let7, and the defective miRNA biogenesis can be rescued upon inhibition of Let7 (Chaulk et al., 2014).
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Roles of many RNA-binding proteins (RBPs) have been implicated in
regulating miRNA biogenesis positively or negatively for Microprocessor or
Dicer-mediated processing (reviewed in Michlewski and Cáceres 2019). For
example, LIN-28 binds to pri-let-7 and pre-let-7 to inhibit the activity of Drosha
and Dicer, respectively, resulting in inhibition of let-7 biogenesis to prevent
Embryonic stem cells (ESCs) from differentiating (Hagan et al., 2009; Heo et
al., 2009; Lehrbach et al., 2009; Rybak et al., 2008). This LIN-28-let-7 has
also been shown to function with other factors in heterochronic pathways to
regulate developmental timing in C. elegans (Nelson & Ambros, 2019; Pereira
et al., 2019; Slack et al., 2000).
Taken together, miRNA production is regulated at multiple levels.
Therefore, each factor in the biogenesis pathway contributes differently to the
overall biogenesis of miRNAs. Because of that, biogenesis of distinct miRNAs
may be affected differently upon disruption of a specific step in miRNA
biogenesis pathway.
Regulation of miRISC
Downstream of biogenesis, miRNAs bind Argonaute proteins to form
miRISC. Argonaute (Ago) is a group of conserved proteins capable of
mediating gene regulation by small RNAs. There are 4 and 3 closely related
Ago proteins interacting with miRNAs in H. sapien and C. elegans,
respectively (Brown et al., 2017; Juvvuna et al., 2012). Distinct miRNAs may
show preference to a specific Argonaute, while some miRNAs can equally
interact with different Argonautes (Burroughs et al., 2011; Dueck et al., 2012;
Vasquez-Rifo et al., 2012; D. Wang et al., 2012). As the core catalytic
component of miRISC, Argonaute proteins also interact with other proteins to
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mediate gene regulation by miRNAs. GW182 interacts with Argonaute to
mediate its function in miRISC (Eulalio et al., 2008; Takimoto et al., 2009; L.
Zhang et al., 2007). Except GW182, there are other Argonaute protein
interactors to affect Argonaute localization, miRISC loading, activation, and
degradation, contributing to the temporal and spatial dynamics of miRISC
function, therefore, influencing miRNA function negatively or positively, such
as HSP90, PUF-9, CAT-1, and so on (Brosnan et al., 2021; Carmell et al.,
2002; Czech & Hannon, 2011; Duchaine & Fabian, 2018; Krol et al., 2010;
Meister, 2013; Michaud et al., 2021; Swarts et al., 2014). Furthermore,
various post-translational regulations also affect Argonaute function, including
phosphorylation, hydroxylation, and ubiquitylation (Meister, 2013). Together,
Argonaute proteins are essential for normal miRNA function. By
characterizing possible phenotypes in Argonaute mutants, miRNA function
can be studied.
Identification of miRNA targets
The targeting of mature miRNAs is thought to be mediated mostly by
sequence complementarity between miRNA and its targets, of which miRNA
nucleotides 2-8, also called seed sequence, play important roles in
determining which targets to bind (Thomas et al., 2010). miRNAs that have
shared seed sequences belong to miRNA family, and they have the potential
to function redundantly (Abbott et al., 2005). Different miRNAs that bind to a
specific 3’UTR may cooperate to regulate targets (Flamand et al., 2017). More
and more evidence has suggested the importance of miRNA sequence beside
seed sequence to provide more targeting specificity (Chipman & Pasquinelli,
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2019; Moore et al., 2015), and this contributes to the distinct targeting and
function between members of same miRNA family.
A big challenge for studying miRNA function is identification of their
targets. Several tools are available to predict miRNA targets based on
sequence complementarity, thermo-stability of miRNA::target binding,
sequence conservation, or site accessibility. Depending on the strategy that
each tool use to predict miRNA targets, all available tools have their strengths
and limitations. For example, to enhance the prediction sensitivity, imperfect
complementarity between seed sequence and target is taken into
consideration, as a result, a large number of false positives can be generated
(Riolo et al., 2020). Also, in the 3’UTR of a specific target with multiple
miRNA binding sites, the miRNA-target interaction could be affected both
positively or negatively (Flamand et al., 2017; Grimson et al., 2007; Nielsen et
al., 2007; Subasic et al., 2015). This makes experimental validation of
predicted miRNA targets necessary. The miRNA target validation could be
achieved by studying whether the expression of a certain miRNA correlates
with a decreased mRNA level of target of interest, examining the effect of
miRNA on protein level, or identifying the biological function of miRNA utilizing
gain/loss of function mutants (Riolo et al., 2020). However, many miRNAs
may function as fine tuners of gene expression and it’s possible that miRNA
regulation occurs only under certain environmental or physiological
conditions. Additionally, the function of a miRNA could depend on the cellular
context and developmental timing. These largely limit the identification of
miRNA targets directly by detecting target mRNA or protein level in miRNA
mutants. Usually, miRNA mutants are analyzed first to characterize possible
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mutant phenotypes before seeking to identify the targets. There is an
approach available to directly detect miRNA-target interaction by combining
computational and biochemical tools. For example, individual-nucleotide
resolution CLIP (iCLIP) utilizes crosslinking and immunoprecipitation of
Argonaute proteins followed by sequencing to determine miRNA targets
(Broughton & Pasquinelli, 2013). But this method has limited application as it
requires knowledge on which Argonaute is used for a specific miRNA to form
miRISC, and it is possible that dynamic association between a specific miRNA
and different Argonautes is present because some miRNAs have potential to
bind to different Argonautes, while some miRNAs show preference to a
specific Argonaute protein (Brown et al., 2017; Burroughs et al., 2011;
Okamura et al., 2009). Alternatively, a reporter assay driven by the 3’UTR of
candidate target can be used to determine miRNA-target interaction.
Specifically, expression of a GFP driven by candidate gene 3’UTR can be
examined. If this target gene is regulated by miRNAs, decreased GFP level
will be observed when compared to a GFP expression driven by a mutated 3’
UTR of candidate gene with miRNA sites deleted. Collectively, the
identification of miRNA target is labor-intensive and challenging and
phenotypic characterization of miRNA mutants could potentially narrow down
the list of candidate targets before experimental validation.
miRNA function in C. elegans
C. elegans is a model organism accessible by a range of genetic
techniques, which allows us to dissect the molecular mechanisms that
underlie different biological processes. This provides significant insights for
development, human disease, and physiology (Chandra et al. 2017).
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Importantly, C. elegans has been instrumental to study microRNA functions
(Chandra et al., 2017a; Zhu et al., 2016). A variety of miRNAs have been
shown to function as fine tuner in regulating diverse processes including
developmental timing, aging, germline function, embryonic development,
neural behavior, and stress response (Ambros & Ruvkun, 2018; Brenner et
al., 2010; Maniates et al., 2021).
Most miRNAs have been shown not to be essential for viability
(Alvarez-Saavedra & Horvitz, 2010; Miska et al., 2007). Interestingly, while
miRNA depletion results in failed morphogenesis in embryos, introduction of
two miRNAs, miR-35 and miR-51, is sufficient to restore normal
morphogenesis (Dexheimer et al., 2020). This shows the essential roles of
these two miRNAs at an early developmental stage, while other miRNAs may
play important roles at later developmental stages. However, the lack of
noticeable phenotypes in analysis of miRNA loss of function mutants doesn’t
mean that these miRNAs have no function. The lack of defects associated
with losing individual miRNAs could be due to redundant functions between
miRNAs. In this case, a sensitized background could be used to reveal the
phenotype (Ambros, 2010). A sensitized background with loss of function of
alg-1, one of the miRNA-associated Argonaute protein genes, caused defects
in some individual miRNA loss of function mutants (Brenner et al., 2010). The
miRNAs in the miR-58 family, miR-58, miR-80, miR-81, and miR-82, function
redundantly to establish neuronal-specific gene expression of pmk-2 (Pagano
et al., 2015). And miR-44 family function redundantly in regulating the
germline sex determination pathway (Maniates et al., 2021). The genetic
interaction between miRNAs could also arise from miRNAs that don’t belong
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to the same miRNA family (Ambros, 2010). For example, miR-35 and miR-58
family miRNAs binds to egl-1 to regulate apoptosis during development
(Sherrard et al., 2017). Besides, the lack of phenotypes in miRNA mutants
might result from that their regulation is modulated in stressful conditions.
miR-85-mediated regulation of HSP-70 is important for recovery after heat
shock (Pagliuso et al., 2021). mir-235 has been shown to mediate protection
mechanism against graphene oxide (T. Guo et al., 2020). The mir-34 and mir83 were shown to promote the robustness in face of environmental stress
(Burke et al., 2015; Isik et al., 2016). The specific function of individual miRNA
is largely not clear, and it can be further understood by studying the function
of individual miRNA with various stress conditions.
C. elegans germline and regulation by miRNAs
The C. elegans gonad arms are approximately 95% germ cells and 5%
somatic cells (Ortiz et al., 2014a). Gametes are produced from germ cell
proliferation and differentiation. In C. elegans XO male, spermatogenesis
occurs at the last larval stage (L4) and persists in the whole adulthood, while
in XX hermaphrodites, spermatogenesis takes place at the L4 stage, then
switches to oogenesis in the adulthood (Figure 1.2). A variety of genes and
pathways are involved in regulating the germ cell proliferation and
differentiation to allow normal gamete production (Albert Hubbard & Schedl,
2019; Crittenden et al., 2019; Lesch & Page, 2012; Morgan et al., 2010;
Walhout et al., 2002). The germ line transcriptome has been studied on either
whole gonads or gonad sections from distal end to proximal end, and it
revealed a sex dimorphism of the expression profile, as well as a dynamic
gene expression pattern from proliferative region to differentiation region
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(Ebbing et al., 2018; X. Ma et al., 2014; Ortiz et al., 2014a; Reinke et al.,
2000a, 2003; Tzur et al., 2018a), suggesting the importance of gene
regulations to shape the germline transcriptome. The 3’UTR of representative
germline genes downstream of GFP can largely specify their expression
pattern in germline, indicating that germline genes are mainly regulated by
3’UTR (Merritt et al., 2008). miRNA functions have been implicated to regulate
germ cell proliferation and differentiation. When function of miRNA-specific
Argonaute proteins is disrupted, both mitotic proliferation and mitosis-meiosis
transition defects are detected (Bukhari et al., 2012). And disrupting miRNA
biogenesis disruption through defective Microprocessor function can induce
germline defects, resulting in sterility (Dallaire & Simard, 2016). This suggests
involvement of miRNA pathway in regulating germline development and
function. The germline is enriched with miRNAs (McEwen et al., 2016).
Furthermore, it was shown that miRNAs displayed a dynamic profile in
different cryo-sections of the germline, indicating that miRNA-mediated
regulation is actively involved in temporal and spatial regulation of germ cell
development and differentiation (Diag et al., 2018). Interestingly, in C.
elegans, the Argonaute interacts with GW182 in the soma to induce mRNA
degradation and repress translation of targets, while in the germline,
Argonaute interacts with GLH-1 to mediate translational repression and
mRNA stabilization instead, indicating a different miRNA mechanism in the
germline (Dallaire et al., 2018). GLH-1 is a component of germ granules,
called P granules, which are a non-membrane bound organelle enriched with
RNAs and proteins. The germline- specific P granules participate in the
regulation of germ cells and is essential for germline development and
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function (Sundby et al., 2021). Furthermore, miRNA-specific Argonaute
protein has been shown to localize to P granule (Brown et al., 2017), and the
roles of miRNA pathway in P granules remain to be studied. Collectively,
miRNA regulation plays important roles in the C. elegans germline, therefore,
potentially affecting spermatogenesis and oogenesis.

Figure 1. 2 Cartoon of adult male or hermaphrodite gonad.
(A) Adult male gonad is spermatogenic. Male produces spermatids which
matured to become motile upon mating from L4 through the whole adulthood.
(B)Adult hermaphrodite gonad is oogenic. Hermaphrodite produces sperm
during the last larval stage, and sperm are stored in spermatheca. Then it
transits to oogenesis to produce oocytes during adulthood. (A)(B) At the end
of the gonad resides distal tip cells (green) in both male and hermaphrodite.
Germ cells undergo mitotic dividing in mitotic region, then progress proximally
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to enter meiosis with early meiotic prophase in transition zone and pachytene
region.

C. elegans sperm production and function
Spermatogenesis occurs in both males and hermaphrodites of C.
elegans. During spermatogenesis, germ cells undergo mitosis to support the
proliferation of spermatogonia stem cell, and then meiosis to differentiate into
haploid spermatids (Yadav & Kotaja, 2014). This occurs in the gonad arm
where primary spermatocytes undergo meiotic division twice to form round
spermatids (Figure 1.3), with the most of the cytoplasm segregated into
residual bodies (Huang et al., 2012). Both mitosis and meiosis are regulated
at multiple levels to allow for maintenance of the stem cell, meiotic initiation,
and meiotic progression (Gunes et al., 2018). Diverse gene regulation
mechanisms are involved to build up the molecular basis for this dynamic
process, including the roles of miRNAs (Z. He et al., 2009; McIver et al., 2012;
Papaioannou & Nef, 2010; Robles et al., 2017; Yadav & Kotaja, 2014).

Figure 1. 3 Diagram showing spermatogenesis and spermiogenesis.
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Spermatids are activated and become motile spermatozoa through a
process referred as spermiogenesis (Figure 1.3), in which the assembly and
disassembly of major sperm protein (MSP) mediate the motility of sperm (Ellis
& Stanfield, 2014a). Sperm release signals that directly or indirectly interact
with oocytes to promote oocyte maturation, ovulation and egg laying
(McCarter et al., 1999). Spermiogenesis in C. elegans is different from the
process in humans in that spermatozoa move by crawling using pseudopods
formed by MSP compared to swimming with flagella formed by cytoskeleton
proteins in humans (Ellis & Stanfield, 2014b). Despite these differences
between C. elegans and human in spermatogenesis and sperm function, the
signaling pathways controlling these processes are largely conserved
between C. elegans and humans. Thus, the regulatory mechanisms behind
these signaling pathways may be shared by C. elegans and humans,
including miRNA-mediated post transcriptional regulation. Whether miRNAs
play roles in regulating sperm activation directly in C. elegans remains
unknown.
miRNAs potentially regulate sperm formation and function
Diverse studies have suggested that miRNAs play roles in the male
germline to regulate spermatogenesis. Many miRNAs are expressed in
spermatogenic cells (Yang et al., 2013). Human spermatogenic cells isolated
at different stages of spermatogenesis have distinct profiles of miRNAs,
suggesting their possible active involvement in regulating this process (Liu et
al., 2015). In clinical studies, the miRNA profile is altered in human patient
with spermatogenic defects in formation or function, with some microRNAs
upregulated, and another group of miRNAs downregulated in patients (Abu-
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Halima et al. 2013; McCubbin et al. 2017; Flannigan et al. 2017; H.-T. Zhang
et al. 2020; Abu-Halima et al. 2021). Furthermore, diverse miRNAs have been
implicated in the development of testicular cancer (Mciver et al., 2012). In
mouse and C. elegans, the disruption of miRNA biogenesis is associated with
male fertility defects, such as defective spermatogenesis resulting from germ
cell depletion (Hayashi et al., 2008; Pavelec et al., 2009; Wu et al., 2012b;
Zimmermann et al., 2014). The roles of a few specific miRNAs in regulating
spermatogenesis have been studied in depth (Hilz et al., 2016; Kotaja, 2014;
Walker, 2022).
miRNA functions are implicated in C. elegans spermatogenesis (Wu et
al., 2012a), but little is known about the specific miRNA dependent
mechanisms especially for individual miRNA. This dissertation aims to
address that by studying whether disruption of miRNA biogenesis in
Drosha/DGCR8 or Argonaute mutants could result in sperm formation or
function defects. Further, miRNAs that have higher enrichment in male
gonads relative to hermaphrodite gonads are identified because they potential
regulate sperm production or function. These miRNAs are screened by fertility
assay in miRNA loss of function mutants. Genetic interaction of candidate
miRNAs is explored to further elucidate the molecular mechanism of these
miRNAs to regulate sperm production. Finally, selected potential target of
candidate miRNAs is further studied. Collectively, this dissertation is
dedicated to the understanding of potential roles of miRNAs to regulate sperm
formation and function, and it will also provide insights for understanding
molecular mechanism of miRNA regulation during this process.
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Chapter 2: Effects of miRNA biogenesis disruption on male fertility
Overview
The miRNA function is implicated in germ cell proliferation and
differentiation (Bukhari et al., 2012). To understand the potential roles of
miRNAs in the regulation of sperm formation or function in the C. elegans
germline, mutants in miRNA biogenesis pathway genes were studied to ask
whether disruption of miRNA biogenesis could result in sperm production or
function defects and therefore affect male fertility. In the canonical pathway,
transcription of miRNA-coding genes or introns of protein-coding genes
produces a pri-miRNA, which is further processed by DGCR8-Drosha
complex to generate a pre-miRNA. The pre-miRNAs are exported to the
cytoplasm for further processing by Dicer to generate mature miRNAs that are
incorporated into the miRISC through their interaction with Argonaute proteins
and other accessory proteins to regulate target expression. Dicer is involved
with biogenesis of multiple classes of small RNAs, including endo-siRNAs,
exo-siRNAs, and miRNAs (Sundby et al., 2021). In contrast, evidence
indicates that DGCR8-Drosha specifically processes miRNA precursors (Denli
et al., 2004; Gregory et al., 2004). In mouse, Drosha knock out resulted in
spermatogenesis defects, with decreased production of both pachytene
spermatocytes and round spermatids (Wu et al., 2012b). And germ cellspecific DGCR8 mutant displayed reduced sperm production and impaired
spermiogenesis (Zimmermann et al., 2014). In C. elegans, the
DGCR8/Drosha mutants weren’t analyzed previously in sperm formation or
function. Here, I chose to focus on DGCR8/Drosha mutants to determine if
disruption of miRNA biogenesis causes sperm production or function defects.
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DGCR8/pash-1 mutant males displayed mating defects
pash-1 encodes the C. elegans homolog of DGCR8, Pasha. A loss of
function allele of pash-1, mj100, was utilized to identify possible sperm
formation or function defects. mj100 is a temperature-sensitive allele of pash1, with 15 ºC and 25 ºC as permissive and restrictive temperature,
respectively (Lehrbach et al., 2012). miRNA biogenesis is mildly affected at
15 ºC, and drastically affected at 25 ºC with embryonic lethality (Lehrbach et
al., 2012). Shifting worms between the permissive temperature and the
restrictive temperature allows reversible disruption of the miRNA biogenesis
pathway (Lehrbach et al., 2012). In the presence of an extrachromosomal
array containing the wild-type pash-1(+) gene, mjEx331, the pash-1 mutant
can be maintained at 25 ºC (Lehrbach et al., 2012), because the rescue array
drives expression of wild-type pash-1 in the soma. An heritable
extrachromosomal DNA can be injected into the gonad cytoplasm of
C.elegans (Mello et al., 1991). This extrachromosomal array can be
expressed at high-copy in the soma while repressed in germline by the
transgene-silencing pathway (Aljohani et al., 2020; Stinchcomb, 1985).
To ask whether sperm formation or function defects are present in
pash-1 mutant males, him-8 (e1489); stIs10027(Phis-72::gfp) (him-8;his-72)
was incorporated in pash-1 mutant with or without the mjEx331rescue array,
allowing mating assay and sperm quantification of male feasible because
sperm can be counted easily with the his-72::gfp transgene (Huang et al.,
2012). In mating assays, control or mutant males were mated with single unc17 mutant hermaphrodite to produce cross-progeny. These mutants have a
strong Unc (Uncoordinated) phenotype that allows us to identify self (Unc)
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progeny from self fertilization in hermaphrodites from cross (non-Unc)
progreny from the introduction of male sperm.
To start, mating assays were conducted at various temperatures with
different experimental conditions, with either single or multiple mutant males
and a single hermaphrodite placed in the same plate for different durations to
allow mating to occur (Table 2.1). None of the tested conditions for pash-1
mutant males resulted in successful mating. Surprisingly, even at the
permissive temperature of 15 ºC, when the miRNA biogenesis is modestly
affected by mj100, pash-1 mutant males did not successfully mate. This
suggests that miRNA-mediated regulation likely plays an important role in
male mating behavior.
Next, I analyzed males pash-1 mutant in the presence of the mjEx331
pash-1 (+) rescue array (Table 2.1).

Table 2. 1 Male mating assay of pash-1(mj100) with or without rescue
array at various temperatures.
# of Mated Percent

Mating

Genotype / total # of mating

him-8;

assay

success

11/25

44

27/42

his-72

assay
Mating assay design

Temperature

1 control ♂ X 1 unc-17 ⚥, 36hrs

15℃

64.29 1 control ♂ X 1 unc-17 ⚥, 24hrs

20℃

31.75 1 control ♂ X 1 unc-17 ⚥, 24hrs, L4s were picked
20/63

from the plate maintained at 25 ºC for mating assay

25 ℃

0/6

0

1 mutant ♂ X 1 unc-17 ⚥, 24hrs

(mj100);

0/16

0

1 mutant ♂ X 1 unc-17 ⚥, 36hrs

him-8;

0/13

0

1 mutant ♂ X 1 unc-17 ⚥, 48hrs

15℃

0/5

0

1 mutant ♂ X 1 unc-17 ⚥, 24hrs

20℃

pash-1

his-72
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0/4

0

5-10 mutant ♂ X 1 unc-17 ⚥, 24hrs

0

1 mutant ♂ X 1 unc-17 ⚥, 24hrs, L1s were
transferred from 15℃ to 25℃

0/23
0

1 mutant ♂ X 1 unc-17 ⚥, 24hrs, L4s were picked
from a mixed plate at 15℃, then transferred to 25℃

0/21

for mating assay
0

1 mutant ♂ X 1 unc-17 ⚥, 24hrs, L3s were
transferred from 15℃ to 25℃, and L4s were picked for

0/11

pash-

mating assay

0/21

0

1 mutant ♂ X 1 unc-17 ⚥, 24hrs

16/101

0

1 mutant ♂ X 1 unc-17 ⚥, 36hrs

7/10

15.84 1 mutant ♂ X 1 unc-17 ⚥, 48hrs

15℃

19/56

33.93 1 mutant ♂ X 1 unc-17 ⚥, 24hrs

20℃

9.25

1(mj100);
21/227

him-8;

25 ℃

1 mutant ♂ X 1 unc-17 ⚥, 24hrs, L4s were picked
from the plate maintained at 25 ºC for mating assay

0

his-72;
mjEx331

1 mutant ♂ X 1 unc-17 ⚥, 24hrs, L3s were
transferred from 15℃ to 25℃, and L4s were picked for

0/17

mating assay
0

1 mutant ♂ X 1 unc-17 ⚥, 24hrs, L4s were picked
from a mixed plate at 15℃, then transferred to 25℃

0/21

for mating assay

25 ℃

At both the permissive and restrictive temperatures, pash-1;mjEx331
mutant males had lower mating success (Figure 2.1A). At 15 ºC, pash1;mjEx331 mutant males had no successful mating (n=101 mating assays),
while the control had 44% (n=25 mating assays). Although mjEx331 can
rescue the lethality of pash-1(mj100) at 25 ºC, the mating behavior is still
affected with rescue (Figure 2.1A). At 25 ºC, pash-1;mjEx331 mutant males
had 9.25% mating success (n=227 mating assays), while the control had
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31.75% (n=63 mating assays). This could be due to that mating behavior is
affected by miRNA biogenesis disruption in germline because mjEx331 arrays
are repressed in the germline. When hermaphrodites were successfully mated
by control or mutant males, the number of cross progeny and self-progeny
was counted. The percent self-progeny of hermaphrodite was mildly
increased at 25 ºC with higher variance when mated by pash-1 mutants
(Figure 2.1B), but the number of cross progeny was not statistically different
from controls (Figure 2.1C), suggesting no strong defects in sperm function.
The percent self-progeny and the number of cross progeny was not different
between control and mutant at the permissive temperature (Figure 2.1B and
C). These results indicate that the mutant males didn’t have sperm function
affected.
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Figure 2. 1 Mating assay with pash-1 mutant males with rescue array
mjEx331 at various temperatures.
(A) The mating success was significantly decreased in the mutant (yellow)
compared to control (gray). The bar represents the percent of mating success,
and the number is indicated above each bar. The statistical analysis between
control and mutant was conducted using Fisher’s exact test and shown as **,
p<0.01 and ****, p<0.0001. (B) The percent self-progeny of unc-17
hermaphrodite when mated by control or mutant male at various temperature.
(C) The number of cross-progeny produced by unc-17 hermaphrodite when
mated by control or mutant male at various temperature. (B)(C) Each dot in
the scatter plot represents individual worm, and the error bar represents Mean
± SD. The statistical test between control and mutant at specific temperature
was performed using Welch’s T-test, and indicated above each pair of
comparison with ns, p<0.05 and *, p<0.05;
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We observed no defects in sperm function at 25 ºC. This indicates that
pash-1 is dispensable for the process of sperm formation. However, it was
unknown whether miRNAs levels were disrupted in pash-1(mj100);mjEx331
worms at 25ºC. Using RT-qPCR, I analyzed the expression of let-7 and miR44 mature miRNAs in the germline of males. To do this, I isolated gonads
from young adult males of pash-1(mj100); mjEx331 at 25ºC. Surprisingly,
expression of both miRNAs were found to be unchanged (Figure 2.2),
indicating that miRNAs in the germline are not eliminated in the mutant.
Because only two miRNAs were analyzed, it remains possible that other
miRNAs have reduced levels in pash-1(mj100); mjEx331 mutant males at
25ºC, but these data show that there is not a global loss of miRNA
biogenesis. This could result in no sperm function defects in pash-1(mj100);
mjEx331. Thus, we can not conclude that miRNA biogenesis is dispensable
for sperm function in the male gonad.
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Figure 2. 2 The expression of let-7 and miR-44 were not affected in pash1 mutant males with rescue array mjEx331 at 25 ºC.
Total RNA was extracted from isolated gonads for RT-qPCR. Young adults
were picked for analysis. The bar represents the expression of let-7 or miR-44
relative to control (1.0) when normalized to U18 from 2 biological replicates,
each with 3 technical replicates. The statistical test between control and
mutant for each miRNA expression was performed using unpaired T-test, and
indicated above each pair of comparison with ns, p<0.05. The error bar
represents expression SEM.
pash-1 mutant males produce fewer sperm
Sperm production was studied by counting the number of spermatids in
pash-1 mutant males. At the permissive temperature of 15 ºC, sperm
production was not affected in pash-1(mj100) mutant males (Figure 2.3A). At
20 ºC, the temperature at which miRNA biogenesis is mildly affected in the
pash-1(mj100) mutants, mutant males produced a reduced number of sperm
(Figure 2.3A). Further, when mutant males were upshifted to the restrictive
temperature of 25 ºC for analysis, they produced even fewer sperm
(Figure 2.3A). Also, the control males produced increased number of sperm
with elevated temperature, but the number of sperm in mutant males
increased to a lesser extent. This may suggest the roles of miRNAs in
buffering temperature stress during spermatogenesis.
Because pash-1(mj100); mjEx331 mutant male had normal expression
level of two miRNAs in gonads (Figure 2.2), it can not be used to assess the
effect of the disrupting miRNA biogenesis on sperm formation or function
(Figure 2.1A). The sperm function was then analyzed in pash-1 mutants
without rescue arrays. To test whether the sperm produced in pash-1 mutants
were functional, I analyzed in vitro sperm activation using Pronase
(Singaravelu et al., 2011). With sperm activation, spermatids become motile
spermatozoa. Sperm activation was unaffected in pash-1 mutants at both 20
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and 25 ºC (Figure 2.3B), suggesting that the sperm that are produced in
mutant males can be normally activated to generate motile spermatozoa.
Collectively, these data suggest that miRNA-mediated regulation is essential
for normal sperm production but not for sperm activation. Because pash-1
mutants are unable to mate, full functional analysis of sperm can not be
determined. Future experiments could be performed that would involve direct
injection of mutant sperm into hermaphrodites in order to determine if mutant
sperm are fully functional.

Figure 2. 3 pash-1 mutant males produced decreased number of
spermatids at 20 and 25 ºC.
(A)The number of spermatids produced by pash-1 mutant males (early
L4+10hrs). Each dot in the scatter plot represents the number of spermatids
in individual worm. (B) The sperm activation in vitro was not affected in pash-1
mutant males. Each dot in the scatter plot represents the percent of
successful sperm activation in individual worm, and the Mean ± SD is
indicated by error bar. The statistical test between control and mutant at each
temperature was performed using Welch’s T-test. And the significant
difference is represented as ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001;
****, p<0.0001 above each data set.
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drsh-1 mutant males displayed mating defects
drsh-1 encodes the C. elegans homolog of Drosha, which functions
along with DGCR8/pash-1 in the Microprocessor complex that processes primiRNA into pre-miRNA. Homozygous drsh-1 mutants are sterile but can be
maintained with a genetic balancer, hT2. drsh-1/hT2 mutant hermaphrodites
can generate homozygous drsh-1, heterozygous drsh-1/hT2, and arrested
hT2/hT2 progeny. These homozygous drsh-1 hermaphrodites do not show
embryonic or larval arrest but grow to be sterile adults, suggesting that
maternal drsh-1 (+) activity from the hT2 balancer is sufficient to allow for
normal development.
For analysis, drsh-1/hT2 was crossed with him-8; his-72 to obtain drsh1 mutant males. First, mating assays were performed with homozygous drsh1;him-8;his-72::gfp mutant males. The homozygous mutant males failed to
mate with hermaphrodites in 1 to 1 mating assays (Figure 2.4A). When
multiple mutant males were used in the mating assay, they displayed a low
level of mating success (Figure 2.4A). Next, heterozygous mutant males were
assayed. The drsh-1/hT2 males mated with hermaphrodites, displaying
mating comparable to controls (Figure 2.4B). Mating by mutant males caused
an increase in the percent self-progeny (Figure 2.4C), which was probably
due to lower brood size resulting from decreased number of cross-progeny
(Figure 2.4D). It is noted that +/hT2 control males also had reduced number of
cross-progeny although to a lesser degree than drsh-1/hT2 (Figure 2.4D).
Therefore, both drsh-1 and hT2 contributed to the phenotype in drsh-1/hT2.
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Figure 2. 4 Mating assay with drsh-1 and drsh-1/hT2 mutant males.
(A) drsh-1 mutant male had mating behavior significantly affected. (B) The
mating success was not affected in the drsh-1/hT2 (yellow) compared to
control (him-8; his-72 and +/hT2; him-8; his-72). The bar represents the
percent of mating success, and the number is indicated above each bar. The
statistical analysis between control and mutant was conducted using Fisher’s
exact test. (C) The percent self-progeny of unc-17 hermaphrodite was
decreased in the mutant. (D) The number of cross-progeny produced by unc17 hermaphrodite when mated by mutant male was decreased. (C)(D) Each
dot in the scatter plot represents individual worm, and the error bar represents
Mean ± SD. The statistical test was performed using Welch’s T-test and
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indicated above each pair of comparison with *, p<0.05; **, p<0.01; ***,
p<0.001; ****, p<0.0001.
To understand how miRNA biogenesis is affected in drsh-1/hT2,
Furthermore, RT-qPCR detected no change of expression level of 2 miRNAs,
let-7 and miR-44, in drsh-1/hT2 young adult males (Figure 2.5). Although only
2 miRNAs were examined, the results suggested that expression of some
miRNAs might be unaffected in drsh-1/hT2, while expression change of other
unknown miRNAs in drsh-1/hT2 resulted in the phenotype observed in mating
assay (Figure 2.4C). Subsequent to completion of this work, it was discovered
that a subset of miRNAs in the hermaphrodite germline, including miR-44, are
Drosha-independent (Minogue 2018). This Drosha-independent mechanism
for miRNA biogenesis is not understood, but complicates the use of these
mutants to define the role of miRNAs in sperm formation and function as
distinct miRNAs can be affected differently in drsh-1/hT2 or drsh-1/drsh-1.

Figure 2. 5 drsh-1/hT2 heterozygous mutant males had expression of let7 and miR-44 comparable to control.
Total RNA was extracted from whole worm for RT-qPCR. The bar represents
the expression of let-7 or miR-44 relative to control (1.0) when normalized to
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U18 from 2 biological replicates, each with 3 technical replicates. The
statistical test between control (gray) and mutant (yellow) for each miRNA
expression was performed using unpaired T-test, indicated by ns, p<0.05,
above each pair of comparison. And the error bar represents expression
SEM.
No defects are observed in sperm production in drsh-1 mutant males
Homozygous drsh-1 mutant males were studied by counting the
number of spermatids produced. Interestingly, the number of sperm in
homozygous drsh-1 was modestly increased compared to control
(Figure 2.6A). This could indicate that some miRNAs might play a negative
role in regulating sperm production and these inhibitory miRNAs are reduced
in drsh-1 mutants.
Functional analysis of drsh-1 mutant sperm was analyzed. Male sperm
were isolated from homozygous drsh-1 mutants for in vitro sperm activation
with Pronase (Singaravelu et al., 2011). Loss of zygotic drsh-1 activity had no
effect on the percent of sperm activation (Figure 2.6B), indicating that the
sperm of mutant males can be normally activated to produce motile
spermatozoa. In summary, drsh-1 mutants had mating behavior defects, while
showing no changes in sperm formation or function. Because of the drsh-1
independent mechanism for miRNA biogenesis, we can-not conclude that
miRNAs are not involved in sperm formation or function from these
experiments.

31

Figure 2. 6 Sperm production and in vitro sperm activation are not
affected in drsh-1 mutant males.
(A) The number of spermatids produced by drsh-1 mutant males (early
L4+10hrs). Each dot in the scatter plot represents the number of spermatids
in individual worm. (B) The percent of success sperm activation in drsh-1
mutant males. Each dot in the scatter plot represents individual worm, and the
Mean ± SD is indicated by error bar. The statistical test between control and
mutant at each temperature was performed using Welch’s T-test. And the
significant difference is represented as ns, p>0.05; *, p<0.05; **, p<0.01; ***,
p<0.001; ****, p<0.0001 above each data set.
Summary
Mutants of the miRNA biogenesis pathway were examined.
Specifically, decreased sperm production was identified in pash-1 mutant,
while the sperm function remained unaffected. Mating by drsh-1/hT1 mutant
male resulted in few cross progeny of unc-17 hermaphrodite, suggesting few
male sperm transfer in the mating assay. However, in the homozygous drsh-1
mutant, the number of sperm produced in male was not reduced and no
spermiogenesis defects found. This indicates that lower mating efficiency of
drsh-1/hT1 male to transfer sperm to hermaphrodites caused the decreased

32
cross progeny production in the mating assay. Sperm activation was studied
in pash-1 and drsh-1 mutants, and the spermatids in both mutants were found
to be activated to motile spermatozoa in vitro, indicating that most miRNAs
are not essential for spermiogenesis. pash-1(mj100) mutant males displayed
reduced sperm production at 20ºC or 25ºC, and the phenotype was enhanced
at 25ºC. This suggests that sperm production is sensitive to miRNA regulation
variation, and some miRNAs are involved in modulating sperm production in
response to moderate temperature stress.
Interestingly, drsh-1 mutant males displayed a moderately increased
sperm production, which may reflect a negative role of inhibitory miRNAs in
regulating sperm production. And because there are some miRNAs in
germline independent of Drosha activity (Minogue et al., 2018) , those miRNA
are present in drsh-1 mutant males. The Drosha-independent miRNAs might
promote sperm production normally, and there is possibly a antagonistically
roles between Drosha-independent miRNAs and Drosha-dependent miRNAs.
Together, the analysis on miRNA biogenesis mutants indicate that various
miRNAs are important for normal sperm production, and normal male mating
behavior requires miRNA regulation.

33
Chapter 3: Analysis of male and hermaphrodite fertility in Argonaute
mutants

Overview
Except miRNA, other small RNA pathways also have great potential to
regulate gene expression involved in diverse cellular process (Esteller, 2011).
Studies have shown that various type of small RNAs function to regulate
spermatogenesis (Z. He et al., 2009; Luo et al., 2016; Yadav & Kotaja, 2014).
At the core of small RNA-mediated regulation is a conserved protein family,
Argonaute. The presence of PAZ and PIWI domains is characteristic of
Argonaute (Höck & Meister, 2008). The Argonaute protein family includes the
Ago subfamily and the Piwi subfamily. Piwi is specifically present in the
germline to interact with Piwi-interacting RNAs (piRNA), functioning as a
germline surveillance mechanism to protect the germline from nonself
sequences (McEnany et al., 2022; Shukla et al., 2021; G. Wang & Reinke,
2008). In the Ago subfamily, C. elegans, Drosophila melanogaster, and Homo
sapiens has 5, 4, and 2 Argonaute, respectively (Brown et al., 2017). In C.
elegans, ALG-1, ALG-2, and ALG-5 are associated with miRNA, while ALG-3
and ALG-4 are associated with another group of small RNAs, 26G-RNA
(Sundby et al., 2021). For miRNA-associated Argonautes, some miRNAs are
shared by two or three members of ALG-1, ALG-2, ALG-5, and there are also
some miRNAs that specifically associate with one of them (Brown et al. 2017).
In gonads, ALG-1 and ALG-2 is expressed in distal tip cells, spermatheca,
and gonadal sheath, and they are required for embryonic development
(Grishok et al., 2001; Vasquez-Rifo et al., 2012). ALG-5 is expressed in the
germline, and the alg-5 mutant had reduced brood size due to premature
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transition from spermatogenesis to oogenesis (Brown et al., 2017). ALG-3/4
were shown to regulate sperm production and function, and this 26G-RNAsmediated regulation is required for sperm at 25 ºC (Conine et al. 2010; Conine
et al. 2013) .
Because Argonaute proteins are essential for small RNA pathway,
including miRNAs and 26G-RNAs, Argonaute mutants could be analyzed to
understand whether a specific small RNA pathway plays important roles
during a certain development process. In this chapter, I asked whether
disruption of ALG-1, ALG-2, and ALG-5 function could result in decreased
fertility due to defective miRNA pathway by studying Argonaute mutants.
Further, the possible interplay between ALG-3/4 mutants -associated 26GRNAs and miRNA pathway in regulating sperm production and function was
explored.
alg-1, alg-2, and alg-5 mutant males displayed defects in mating assay
To determine if miRNA-associated Argonautes regulate male fertility,
mating assays were performed for single or double mutants for alg-1, alg-2,
and alg-5. First, there was no successful mating observed for alg-1 mutant
males while alg-5 mutant males had significantly reduced mating success, of
48% (n = 52) compared to 75% mating success for controls (n = 28)
(Figure 3.1A). Although, alg-2 mutant males displayed comparable mating
success to control males, alg-5; alg-2 double mutant males were shown to
have further decreased mating success, with 27% (n = 73) mating success
(Figure 3.1A). This indicates that all miRNA associated Argonautes function to
control normal male mating behavior.
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Following successfully matings, hermaphrodites were analyzed for total
percent self-progeny. It was observed that matings with the mutant males
didn’t resulted in increased percent self-progeny compared to control
(Figure 3.1B) although the percent self-progeny by day was increased
throughout the course of the assay when mated by alg-2 or alg-5 mutant male
(Figure 3.1C), suggesting that sperm from mutant males can effectively
compete with the hermaphrodite sperm, comparable to controls. The number
of cross progeny was found significantly decreased in the mutants
(Figure 3.1D), likely due to a lower number of sperm transferred from the
mutant males.
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Figure 3. 1 Males of miRNA-associated Argonaute mutants had defects
in mating assay.
(A) The mating success was affected in Argonaute mutants. Each bar
represents the percent of mating success of control (gray), single mutants
(yellow), and double mutant (green) with the number of successful mating and
total number of mating indicated above each bar. The comparison between
control and mutant was indicated above each bar using Fisher’s exact test.
(B) The percent self-progeny of unc-17 hermaphrodite when successfully
mated by control or mutant male. (C) The percent self-progeny of unc-17
hermaphrodite by day. At each day, the dot represents the mean percent selfprogeny and the error bar represents SEM. (D)The number of cross-progeny
produced by unc-17 hermaphrodite. (B)(D) Each dot in the scatter plot
represents individual worm, and the error bar represents Mean ± SD. The
comparison between control and mutant is indicated above each data set, and
the comparison between single and double mutant is indicated by line above
each pair of comparison. The comparison between control (him-8; his-72) and
mutant is indicated above the data sets by Dunnett, and other comparison
pair is indicated by the line above them by Welch’s T-test with *, p<0.05; **,
p<0.01; ***, p<0.001; ****, p<0.0001. All strains assayed have him-8(e1489);
stls10027 (Phis-72::GFP) (him-8; his-72) background.
alg-2 mutant males displayed germline defects when treated with alg-1
RNAi
Loss of both alg-1 and alg-2 results in hermaphrodite sterility (Grishok
et al., 2001), so these worms can’t be maintained or analyzed. Also, alg-1
mutant males were found to be mating defective (Figure 3.1A). The miRNAs
that are associated with ALG-1 and ALG-5 are largely overlapped, therefore,
they likely function redundantly with these miRNAs (Brown et al., 2017). To
assess the effect of losing both alg-1 and alg-2 on male fertility, alg-2 mutant
males were examined with alg-1 RNAi. RNAi can be achieved by feeding the
worm with bacteria in which dsRNA of interest is transcribed (Conte et al.,
2015). Embryos of alg-2 mutant or control were transferred to alg-1 RNAi
plate on Day0, and dissected gonads or whole worm of males were analyzed
on Day2. Mutant males at the L4 and adult stages were examined: 13.04%
and 54.72% of mutants had germline defects at the L4 and adult stage,
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respectively (Table 3.1). In control males, germline progresses from distal end
to proximal end (Figure 3.2A), and the sperm production occurs at the
proximal end in the posterior. Defects were observed in germline morphology,
gonad migration, and germline organization (Figure 3.2B and C). Some
worms seemed to have sperm present in ectopic locations, including close to
the pharynx (Figure 3.2C). It was also found that spermatogenesis likely
occurred inappropriately at the distal end of the germline (Figure 3.2D).

Table 3. 1 Summary of germline defects with alg-1 RNAi on alg-2; him-8;
his-72
Genotype Treatment Stage of worm

him-8;

alg-1

his-72

RNAi

# of

# of

Percent

worms

worms

worms

observed

with

with

germline

germline

defectsa

defects
0

Adult whole worm ♂

15

0

+IPTG
alg-1;

alg-1

L4 whole worm ♂

24

3

12.5%

him-8;

RNAi

Adult whole worm ♂

45

28

62.26%

his-72

+IPTG

Adult dissected gonad ♂

8

5

Adult whole worm ⚥

10

4

40.00%

Adult dissected gonad ♂

31

8

35.56%

Adult whole worm ♂

14

8

alg-1 RNAi
-IPTG
a

Any defects in germline morphology, gonad migration, germline organization,

and inappropriate sperm production.
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Figure 3. 2 Representative images of alg-2 mutant males treated with
alg-1 RNAi.
(A) Normal germline structure in control male. (B) Disrupted germline
structure in male. (C) Spermatids seem to present in distal end. The location
with spermatids is highlighted in violet relative to the germline in white.
(A)(B)(C) (D) Embryos were picked from him-8; his-72 or alg-2; him-8; his-72,
then transferred to alg-1 RNAi plate with IPTG to induce strong RNAi effect.
Fluorescence Imaging was taken at 40x, with DIC on the left, and
fluorescence image on the right. The germline is outlined in white, and the
sperm in red.
To confirm the observation of haploid spermatids inappropriately
localized at the distal end, gonads were dissected from the mutant worms.
Interestingly, sperm were found mostly localized to distal end of the gonad; it
is unknown how this occurs (Figure 3.3). These findings point to a role of the
alg-1 and alg-2 miRNA associated Argonautes in the regulation of male
germline formation and function.

Figure 3. 3 Sperm detected at abnormal location.
Embryos were picked from alg-2; him-8; his-72 to alg-1 RNAi plate with IPTG
to induce strong RNAi effect. Gonads were isolated for fluorescence imaging
and observed at 40x. DIC on the left, and GFP on the right.
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alg-1, alg-2, and alg-5 mutant hermaphrodites displayed lower brood
size
In hermaphrodites, spermatogenesis defects could result in decreased
brood size. All single alg-1, alg-2, and alg-5 mutants had lower brood sizes
with alg-1 mutants showing the greatest reduction (Figure 3.4). alg-5; alg-1
double mutant hermaphrodites had an enhanced brood size reduction
compared to single mutants, while alg-5; alg-2 mutants showed no such
enhancement, with brood sizes comparable to single mutants (Figure 3.4).
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Figure 3. 4 Hermaphrodites of miRNA-associated Argonaute mutants
had reduced brood sizes.
The total number of progeny in control (gray), single mutants (yellow), and
double mutants (green). Each dot in the scatter plot represents individual
hermaphrodite, and the error bar represents Mean ± SD. The comparison
between control (him-8; his-72) and mutant is indicated above the data sets
with Dunnett’s T3, and other comparison pair is indicated by the line above
them by Welch’s T-test. The statistical test was conducted with *, p<0.05; **,

41
p<0.01; ***, p<0.001; ****, p<0.0001. All strains assayed have him-8; his-72
background.

Genetic analysis of alg-3 or alg-4 26G-associated Argonaute mutants
and alg-2 or alg-5 miRNA associate Argonautes
In addition to alg-1, alg-2, and alg-5, the C. elegans Argonaute group
also contains two additional closely related family members, alg-3 and alg-4.
They are associated with 26G-RNAs to mediate the regulation of targets
related to spermatogenesis and spermiogenesis (Conine et al. 2010). alg3/alg-4 double mutants had reduced brood size due to both spermatogenesis
and spermiogenesis defects, and this was shown to have transgenerational
effect on brood size as the paternal memory was passed through the CSR1/22G-RNA pathway (Conine et al. 2010; Conine et al. 2013). The mating
assay results with alg-2 and alg-5 mutant males suggest defects in either
mating behavior or sperm function (Figure 3.1D). alg-3 or alg-4 mutants could
be used to study whether the miRNA and 26G-mediated regulation could
function together to regulate sperm production and function.
Although all alg-2, alg-3, and alg-4 single mutant males showed
comparable mating success relative to controls, alg-2; alg-3 mutant males had
lower mating success (Figure 3.5A). Surprisingly, alg-2; alg-4 and alg-2; alg-4;
alg-3 mutant males had mating success comparable to controls. This
suggests an antagonistic interaction between alg-2 and alg-4 in regulating
mating behavior. The percent self-progeny was significantly increased by
mating with alg-4; alg-3 mutant male, consistent with their roles in
spermiogenesis (Figure 3.5B). Defects in sperm function can result in fewer
cross progeny and an increase in the percentage of self-progeny. Matings
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with alg-2; alg-4; alg-3 mutant males resulted in a small increase in the
percent of self-progeny compared to alg-4; alg-3 (Figure 3.5B), while the
absolute number of cross-progeny was not further decreased (Figure 3.5C).
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Figure 3. 5 Loss of alg-3 or alg-4 didn’t further decrease the number of
cross progeny sired by alg-2 mutant males in mating assay.
(A) The mating success of alg-2; alg-3 double mutant males were significantly
affected. Each bar represents the percent of mating success of control (gray),
single mutants (yellow), double mutant (green), and triple mutant (violet) with
the number of successful mating and total number of mating indicated above
each bar. The comparison between control and mutant was indicated above
each bar using Fisher’s exact test. (B) The percent self-progeny of unc-17
hermaphrodite when successfully mated by control or mutant male. (C) The
number of cross-progeny produced by unc-17 hermaphrodite. (B)(C) Each dot
in the scatter plot represents individual worm, and the error bar represents
Mean ± SD. The comparison between control and mutant is indicated above
each data set by Dunnett’s T3, and other comparison pair is indicated by the
line above them by Welch’s T-test. The statistical test was indicated with *,
p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. All strains assayed have him8; his-72 background.
Next, the interaction between alg-3/alg-4 and alg-5 was examined.
Interestingly, alg-5 single mutants and, alg-5; alg-3, and alg-5; alg-4; alg-3
multiply mutant males all had comparable reduced mating success, while alg5; alg-4 mutant males had normal mating success (Figure 3.6A). The mating
behavior defects caused by alg-5 mutant was suppressed by loss of alg-4.
Furthermore, the percent self-progeny from alg-5; alg-3 or alg-5; alg-4 was
comparable to control (Figure 3.6B), and the decreased cross-progeny of
hermaphrodite caused by alg-5 mutant male mating was suppressed in alg-5;
alg-3 or alg-5; alg-4 (Figure 3.6C). This suppression effect indicates possible
antagonistic interaction between alg-5 and alg-3/alg-4.
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Figure 3. 6 alg-5; alg-2; alg-4; alg-3 mutant males had higher percent
mating success than alg-5; alg-2 double mutant males but enhanced
phenotype in percent self-progeny in mating assay.
(A) The mating success of alg-5; alg-4 is comparable to control. Each bar
represents the percent of mating success of control (gray), double mutant
(green), and quadruple mutant (purple) with the number of successful mating
and total number of mating indicated above each bar. The comparison
between control and mutant was indicated above each bar using Fisher’s
exact test. (B) The percent self-progeny of unc-17 hermaphrodite mated by
control or mutant male. (C) The number of cross-progeny produced by unc-17
hermaphrodite. (B)(C) Each dot in the scatter plot represents individual worm,
and the error bar represents Mean ± SD. The comparison between control
and mutant is indicated above each data set by Dunnett’s T3, and other
comparison is indicated by the line above each pair by Welch’s T-test. The
statistical test was indicated with *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001. All strains assayed have him-8; his-72 background.
The suppression effect was also observed for mating success in
analyzing alg-5; alg-2; alg-4; alg-3 quadruple mutant males (Figure 3.7A). The
percent self-progeny was further increased in the quadruple mutant males
(Figure 3.7B) In addition, the number of cross-progeny generated from
quadruple mutant males was reduced (Figure 3.7C). This enhancement of
fertility phenotypes might arise from independent effects of alg-5; alg-2 and
alg-4; alg-3 mutant on sperm function. However, when only one of alg-4 and
alg-3 was present, defects of alg-5 mutant were suppressed (Figure 3.6C),
suggesting complex interactions between the two small RNA pathways. It is
possible that the downstream targets of them act antagonistically to regulate
this process. This previously unknown interplay between ALG-5 and ALG-3/4
could be understood with more knowledge on small RNA species or mRNA
level in alg-5; alg-3 or alg-5; alg-4 mutants compared to wild type.
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Figure 3. 7 Analysis of quadruple alg-5; alg-2; alg-4; alg-3 mutant males.
Quadruple had higher percent mating success than alg-5; alg-2 double mutant
males but enhanced fecundity defects in mating assay. (A) The mating
success of alg-5; alg-4 is comparable to control. Each bar represents the
percent of mating success of control (gray), double mutant (green), and
quadruple mutant (purple) with the number of successful mating and total
number of mating indicated above each bar. The comparison between control
and mutant was indicated above each bar using Fisher’s exact test. (B) The
percent self-progeny of unc-17 hermaphrodite mated by control or mutant
male. (C) The number of cross-progeny produced by unc-17 hermaphrodite.
(B)(C) Each dot in the scatter plot represents individual worm, and the error
bar represents Mean ± SD. The comparison between control and mutant is
indicated above each data set by Dunnett, and other comparison is indicated
by the line above each pair by Welch’s T-test. The statistical test was
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indicated with *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. All strains
assayed have him-8; his-72 background.

Fecundity defects are not additive between alg-2 and alg-3 or alg-4
alg-2 and alg-3 single mutants displayed decreased brood size, while
alg-4 had a brood size comparable to control hermaphrodites (Figure 3.8).
alg-2; alg-3 and alg-2; alg-4 mutants had brood sizes comparable to alg-2
single mutants, while the brood size in alg-2; alg-4; alg-3 triple mutants was
not further decreased compared to alg-4; alg-3 (Figure 3.8). This indicates
that alg-2 likely does not function cooperatively with alg-3/alg-4 to regulate
hermaphrodite fecundity.
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Figure 3. 8 alg-3 or alg-4 mutation didn’t further decrease brood size of
alg-2 mutant hermaphrodite.
The total number of progeny in control (gray), single mutants (yellow), and
double mutants (green). Each dot in the scatter plot represents individual
hermaphrodite, and the error bar represents Mean ± SD. The comparison
between control and mutant is indicated above each data set. The statistical
test was conducted using Dunnett’s T3 test with *, p<0.05; **, p<0.01; ***,
p<0.001; ****, p<0.0001. All strains assayed have him-8; his-72 background.
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alg-3 or alg-4 mutant partially suppress the lower brood size phenotype
of alg-5 mutant
Next, I wanted to determine if the miRNA-associated alg-5 gene
showed genetic interactions with the 26G-associated alg-3/alg-4 genes. First,
brood size was performed for single, double, and triple mutants of alg-3, alg-4,
and alg-5. The alg-5; alg-3 mutant had a mean brood size of 209, which
interestingly is more than that of alg-5 single mutants (brood size = 141), and
less than that of alg-3 single mutants (brood size = 256) (Figure 3.9A). alg-5;
alg-4 mutant also had an intermediate brood size compared to alg-4 and alg-5
single mutants (Figure 3.9B). This partial suppression effect was observed for
both male and hermaphrodite alg-5 mutants, indicating that this antagonistic
relationship is a common feature of sperm formation between the two sexes.
alg-5; alg-4; alg-3 mutant did not show an enhanced brood size decrease
compared to alg-4; alg-3 (Figure 3.9C). This indicates that either alg-3 or alg-4
activity needs to be present for this antagonistic interaction to be observed.
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Figure 3. 9 alg-3 or alg-4 mutation partially suppress the reduced brood
size in alg-5 mutant hermaphrodite.
(A) alg-5; alg-3 (green) mutants had increased brood size compared to single
mutants (yellow). (B) alg-5; alg-4 (green) mutants had increased brood size
compared to alg-5 mutants (yellow). (C) alg-5 mutation didn’t further enhance
the phenotype of alg-3; alg-4 double mutant. (A)(B)(C) Each dot in the scatter
plot represents individual worm, and the error bar represents Mean ± SD. The
comparison between control (him-8; his-72) and mutant is indicated above
each data set by Dunnett or Dunnett’s T3, and other comparison is indicated
by the line above them by Welch’s T-test. The statistical test was indicated
with *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. All strains assayed
have him-8; his-72 background.
Finally, brood size analysis was performed in alg-5; alg-2; alg-4; alg-3
quadruple mutants. An enhanced phenotype was identified when compared
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to alg-5; alg-3 or alg-5; alg-4 double mutant (Figure 3.10). It is possible that
miRNAs and 26G-RNAs function in parallel to regulate fecundity. But analysis
of alg-5; alg-4 and alg-5; alg-3 indicated that they are not independent
(Figure 3.9A and B). Collectively, disruption of miRNA-associated Argonaute
function caused reduced fertility in both male and hermaphrodite. My
phenotypic analysis suggests a role of miRNAs in the germline to regulate
sperm production. Interestingly, fertility defects observed in alg-5 mutant in
both male and hermaphrodite can be partially suppressed by alg-3 or alg-4
mutant, indicating a specific interaction between alg-5 and alg-3/alg-4. This
could be further understood with more knowledge on the small RNA profile in
the mutants.

Figure 3. 10 alg-5; alg-2; alg-4; alg-3 mutant hermaphrodite had lowest
brood size.
The total number of progeny in control (gray), double mutants (green), and
quadruple mutant (purple). Each dot in the scatter plot represents individual
hermaphrodite, and the error bar represents Mean ± SD. The comparison
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between control and mutant is indicated above each data set by Dunnett. And
other comparison is indicated by the line above them by Welch’s T-test. The
statistical test was shown with *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001. All strains assayed have him-8; his-72 background.

Summary
Argonaute proteins play central roles in small RNA pathway. In this
chapter, Argonaute mutants were analyzed to understand whether they
display decreased fertility. Specifically, male and hermaphrodite fertility was
assessed by mating assay and brood size assay, respectively.
ALG-1, ALG-2 and ALG-5 are associated with miRNAs to regulate
expression of miRNA targets. alg-1 mutant male displayed no mating success
in the mating assay, and there is a redundant role between alg-2 and alg-5 to
regulate mating behavior. Immunoprecipitation of ALG-1, ALG-2, and ALG-5
is enriched with 145, 119, and 26 miRNA, respectively, and 105 miRNAs are
shared between ALG-1 and ALG-2 (Brown et al., 2017). Because alg-2
mutant males displayed mating success comparable to the control, the results
suggest that the 40 miRNAs that specifically bind to ALG-1 play essential
roles in regulating male mating behavior, which could be the focus of future
work to understand miRNA regulatory roles in this process. The function of
ALG-5 is mainly in the germline due to its expression pattern. Here, the
decreased mating success of alg-5 mutant male indicates a somatic role of
ALG-5, and the enhanced phenotype in alg-5; alg-2 double mutant indicates a
redundant role in soma likely mediated by the 19 miRNAs that are shared
between them.
Normal sperm function in miRNA mutants
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This suggested that sperm transfer defects or sperm function defects
other than spermiogenesis likely caused the reduced production of cross
progeny by male mating of alg-2, alg-5, and alg-2; alg-5. This is also in line
with analysis of male gonad-enriched miRNA mutants, in which the number of
cross-progeny by male mating was comparable to control.
The alg-1 RNAi on alg-2 mutant male induced various germline defects,
including abnormal sperm production that occurred in the distal arm of the
gonad compared to the proximal arm of the gonad in the control, suggesting
miRISC function to regulate sperm production. The mating assay results
showed a reduced number of cross progeny from male mating by alg-5 and
alg-5; alg-2 mutants. This could have resulted from lower sperm transfer
efficiency, decreased sperm production, or sperm function defects. Sperm
quantification of the Argonaute mutants will be helpful to answer that.
alg-3 or alg-4 mutant partially suppress the phenotype of alg-5 mutant
male and hermaphrodite
Interestingly, fertility defects observed in alg-5 mutant in both male and
hermaphrodite can be partially suppressed by alg-3 or alg-4 mutant, and not
for alg-2 mutant, indicating a specific interaction between alg-5 and alg-3/alg4. ALG-3, ALG-4, ALG-5 are components of P-granules in the germline
(Sundby et al., 2021). Some genes that are dysregulated in alg-5 mutant are
also targets of ALG-3/Alg-4 and CSR-1 (Brown et al., 2017). Together, this
may mediate an interaction between ALG-5 and ALG-3/ALG-4 downstream of
small RNA. It is also possible that ALG-5 and ALG-3/ALG-4 interact to affect
small RNA profiles. This could be further understood with knowledge on the
small RNA profile in the double mutants.
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Chapter 4: Functional analysis of male gonad-enriched microRNAs in
Caenorhabditis elegans

Overview
Human spermatogenic cells isolated at different stages of
spermatogenesis have distinct profiles of miRNAs, suggesting active
involvement of a specific miRNA in regulating spermatogenesis (Liu et al.,
2015). Although in mouse and C. elegans, the disruption of miRNA biogenesis
resulted in sperm production or function defects (Hayashi et al., 2008;
Pavelec et al., 2009; Wu et al., 2012b; Zimmermann et al., 2014), the
understanding of roles by individual miRNA is limited.
To elucidate the functions of miRNAs in the C. elegans male germ line
in the control of spermatogenesis and spermiogenesis, an important first step
is to identify the set of miRNAs that are found in the C. elegans germ line and
somatic gonad. Differential expression analysis of miRNAs between
hermaphrodites and males was used to identify miRNAs abundant in the male
germ line. Then I performed sperm production and function screening assays
on loss of function mutants of miRNAs that are enriched in male gonads. I
have identified a few miRNA mutants with reduced sperm production at 20ºC
or 25ºC. Furthermore, the results from analysis of miRNA multiply mutant
analysis provide evidence for complex genetic interaction of miRNAs in
regulating sperm production.
Identification of miRNAs in male and hermaphrodite gonads
To investigate miRNA regulation of sperm formation and function, we
sought to identify miRNAs that are present in male and hermaphrodite gonad
arms. In C. elegans, germ cells are located in gonad arms in which they
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undergo mitotic proliferation at the distal ends of the arm with meiotic
maturation and differentiation in the more proximal regions to produce
functional sperm and oocytes. The hermaphrodite gonad arms produce sperm
during the last larval stage (L4) and then switch to oogenesis, while the male
gonad arm produces sperm continuously starting in the L4 stage. Therefore,
adult male and adult hermaphrodite gonads are spermatogenic and oogenic,
respectively (Figure 4.1A). By comparing miRNAs expressed in
spermatogenic and oogenic gonad arms, miRNAs that regulate sperm
formation and function could be revealed. We dissected gonad tissue from
adult males and adult hermaphrodites for small RNA sequencing
(Figure 4.1B) and identified 181 out of the total 253 miRNAs from MiRBase
(Release 22). There was about 82% overlap in the miRNAs found in both
male and hermaphrodite gonads, with 148 shared miRNAs (Figure 4.1A). A
subset of 14 miRNAs were found only in males while 19 were only found in
hermaphrodites (Figure 4.1A). Differential expression analysis between male
and hermaphrodite gonad miRNA profile found 29 miRNAs that have higher
expression levels in male gonads and 32 in hermaphrodite gonads with a fold
change >2 and p-value <0.01 (Figure 4.1B), suggesting that those 29 miRNAs
may regulate sperm formation. And 23 out of these 29 miRNAs had very low
expression in hermaphrodite gonads. Another study also identified miRNAs in
isolated gonads from males and hermaphrodites (Bezler et al., 2019). We
compared the miRNA profiles from both studies, and found the miRNAs
largely overlapped in both male (144 miRNAs) and hermaphrodite gonads
(133 miRNAs) (Figure 4.1C and 4.1D). Importantly, most of the 29 miRNAs
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identified as male gonad-enriched miRNAs in this study also were shown to
have higher expression in male somatic gonads or germline from Bezler et al.

Figure 4. 1 Differential miRNA profile in spermatogenic and oogenic
gonad.
(A) Male and hermaphrodite gonads are enriched with shared miRNAs. 162
(violet) and 167 (green) out of 253 total known miRNAs were found in male
and hermaphrodite gonad, respectively. (B) Differential expression analysis
between male and hermaphrodite miRNA profile. (C) The comparison of male
gonad miRNA profile between our study and Bezler et al., 2019. (D) The
comparison of hermaphrodite gonad miRNA profile between our study and
Bezler et al., 2019.
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Using RT-qPCR to confirm miRNA expression between male and
hermaphrodite
To validate the miRNA expression between male and hermaphrodite gonads,
I used RT-qPCR to study the expression level of numerous miRNAs
(Figure 4.2A). The results are consistent for 12 out of 23 miRNAs examined
between small RNA Seq and RT-qPCR, such as miR-1822, miR-2208.2, and
miR-35 (Figure 4.2B). RT-qPCR results also suggested a different expression
profile for some miRNAs. Expression of lin-4, miR-236, miR-52, miR-58.1,
miR-71, miR-77, and miR-87.1 was higher in male gonads based on RTqPCR, but not significant different between male and hermaphrodite gonads
based on small RNA Seq (Figure 4.2B). Expression of miR-74, and miR-82,
was not different between male and hermaphrodite gonads based on RTqPCR but was higher in hermaphrodite gonads from small RNA Seq. miR-54
had opposite expression profile from small RNA Seq and RT-qPCR. And miR84 was only found in RT-qPCR (Figure 4.2B). It was previously reported that
RT-qPCR assay for miRNA fails to recognize the different 3’ isoforms of a
specific miRNAs, which is very common in vivo (Pillman et al., 2019). This
bias toward a specific isoform could lead to misinterpretation of RT-qPCR
results. And different 3’ isoforms of a specific miRNAs can all be mapped to
this miRNA in RNA-seq. Thus, I used my RNA-seq data to identify the set of
29 miRNAs that are enriched in male gonads compared to hermaphrodite
gonads.
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Figure 4. 2 miRNA expression level between male and hermaphrodite
gonad in RT-qPCR.
(A) The relative normalized expression of various miRNAs in N2 male (violet)
and hermaphrodite (green). The bar represents the mean expression
normalized to U18 for a specific miRNA from 3 biological replicates of isolated
gonads, each with 3 technical replicates. The error bar indicates the
expression SEM. (B)The comparison of miRNA profile between small RNA
seq and RT-qPCR. For small RNA seq, a miRNA is defined as significantly
differentially expressed when fold change >2 and p-value <0.01, and
expression of a specific miRNA in the male compared to hermaphrodite (MaHe) is denoted by UP indicating higher expression in male gonads, Down
indicating higher expression in hermaphrodite gonads, and NS indicating no
significant difference between male and hermaphrodite. For RT-qPCR, a pvalue <0.01 indicates significant difference by multiple T-test.
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Creation of miRNA loss of function mutants for functional analysis
To test whether the 29 miRNAs that were found enriched in male
gonads using RNA-seq function to regulate spermatogenesis, we sought to
perform functional analysis on miRNA loss of function mutants. However, only
8 of the 29 miRNAs had existing deletion mutants available: mir-49, mir-57,
mir-75, mir-83, mir-235, mir-261, mir-357, and mir-358 (Table 4.1). We also
included mir-58.1 in our analysis as it may function redundantly with mir-58.3.
Of the 21 remaining male gonad enriched miRNAs, 13 are located on two
genomic clusters on chromosome IV and X (Figure 4.3). In order to perform
functional analysis on the full set of 29 male gonad enriched miRNAs, we
generated new loss of function mutants missing either single or multiple
clustered miRNAs using CRISPR-Cas9 genome editing. A total of 14 new
miRNA deletion alleles were created (Table 4.1).

Table 4. 1 29 miRNAs have higher expression in male gonads.
Loss of
Base Meana

log2(FC)b

P-adjc

function
allelesd

miRNA
mir-2208.2

3193.619931 10.65320106 1.10E-136

xwDf11

mir-2208.1

109.7725308 7.11055741

xwDf11

7.49E-29

xwDf2,
mir-2209.1

46069.76844 6.959723478 4.72E-220

xwDf11
xwDf2,

mir-2209.3

219.8424508 6.936093563 1.61E-33

xwDf11

mir-2209.2

35.45026171 6.628287906 3.61E-13

xwDf11
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mir-58.3

288.7010858 6.173765604 1.06E-74

xw39

mir-58.1

30679.85517 -0.298521249 0.408876202 n4640

mir-261

5.200673411 6.070238826 4.21E-05

n4594

mir-789.2

59.00796121 5.729267355 3.57E-05

xw61
xwDf5,

mir-4809

78.70823414 5.036129701 3.89E-25

xwDf14

mir-1018

1727.510447 4.822090475 9.36E-48

xwDf18

mir-2221

3.687166147 4.765449344 0.002552516 xw53
xwDf5,

mir-4808

104.628044

4.440786829 6.64E-13

mir-789.1

44.00121056 4.271739446 4.97E-07

xwDf14
xw34
xwDf5,

mir-4807

200.2011848 4.209542324 1.48E-38

xwDf14
xwDf5,

mir-2220

104.4931664 3.960122365 4.97E-07

xwDf14
xwDf5,

mir-4810.1
mir-1822

39.7587535

3.838633673 4.00E-13

50.29490532 3.791231202 7.50E-20

xwDf14
xw45
xwDf5,

mir-4810.2

96.69092501 3.523814051 7.75E-08

xwDf14

mir-4923.2

31.60339594 3.113141501 2.05E-13

xwDf18

mir-2210

21.18643987 3.101010141 0.000632533 xw36, xw55

mir-1819

36.25952173 2.854813512 4.59E-06

mir-49

xw42

38.63743704 2.557308973 0.000562723 zen99
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mir-357

56.16280695 2.530964764 0.000294836 nDf60

mir-235

57278.28472 2.326275998 0.002330984 n4504

mir-358

15.29827639 2.292085191 0.002636013 nDf60

mir-796

13.66240696 2.015249644 0.000893102 xw58

mir-83

102.6712524 1.481568646 0.000114232 n4638

mir-57

25945.9357

mir-75

71.11304512 1.151839518 0.000348199 n4472

1.271510652 0.005847387 gk175

a

Base mean=the average of the normalized counts in DESeq2.
log2(FC)= log2Fold Change between male and hermaphrodite gonads in
DESeq2.
c
P-adj, Benjamini-Hochberg adjusted p-value in DESeq2.
d
all xw alleles generated in this study.
b

Figure 4. 3 Two miRNA clusters contain 13 male gonad-enriched
miRNAs.
Schematic diagram of two miRNA clusters featuring 13 (orange) out of 29
miRNAs with higher expression in male gonads compared to hermaphrodite
showing their relative location on chromosome and various knock-out mutants
constructed. On chromosome IV, two alleles were constructed in mir-2209.2mir-2209.3 (6kb) cluster to lose 5 miRNAs or 2 miRNAs. On chromosome X,
mir-4807-mir-4923.2 (7.5kb) cluster is consisted with two miRNA clusters, mir4807-4810.2 (3kb) and mir-1018-4923.2 (500bp). Various alleles deleting part,
or all the miRNAs were constructed. In xwDf8, two miRNAs (green) that don’t
have significantly higher expression in male gonads were also deleted. And
expression of mir-4921 (green) downstream mir-1018-4923.2 cluster is most
likely affected in those alleles. Table on the top right corner shows the mature
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sequence of some miRNAs to reveal their relationship as miRNAs sharing
similar seed sequence (red) potentially regulate same group of targets as
miRNA family, therefore, function redundantly.
Male mating efficiency defects observed in three miRNA mutants
We used a mating assay as a screening tool to identify miRNA mutant
males that had defects in mating behavior, sperm production, or sperm
function. Single mutant males were analyzed for the ability to mate and
produce cross progeny. Reduced mating efficiency was found for three
miRNA mutant males: mir-2221, mir-789.2 and mir-83 (Figure 4.4A). We
further analyzed these mutant males using a sperm transfer assay in which
the interactions between mutant males and control hermaphrodites were
observed and male sperm transfer was assessed following a mating event.
While the interactions between mir-2221 or mir-789.2 mutant males and
hermaphrodites was comparable to control males, mir-83 mutant males
displayed few interactions with hermaphrodites (Figure 4.4B). The few
interactions that were observed appeared briefer than control male
interactions and failed to transfer sperm (Figure 4.4C). Together, this
suggests that mir-83 mutant males may fail to sense or respond to
hermaphrodites.
miRNAs that share a seed sequence are grouped into miRNA families
and often function redundantly (Alvarez-Saavedra & Horvitz, 2010; Miska et
al., 2007). mir-83 is in the same family as mir-49 while mir-789.2 is in the
same family as mir-789.1 (Figure 4.4D) and therefore, these miRNAs may
function redundantly and result in an enhanced phenotype in double mutants.
Surprisingly, males of both double mutants displayed normal mating success
(Figure 4.4E). This suggests possible opposing roles of these miRNAs in the
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regulation of mating behavior. Except mir-83 mutant males that barely mate
successfully with hermaphrodite, the remaining 26 miRNA mutants analyzed,
successful mating by mutant males gave rise to large number of crossprogeny and low percent self-progeny comparable to control worms,
suggesting that male sperm was preferentially used to fertilize the oocyte and
produce cross-progeny. Together, this means that male sperm function is not
compromised in these miRNA mutants.
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Figure 4. 4 Mating assay suggested mating behavior defects in 3
mutants.
(A) mir-2221, mir-789.2 and mir-83 mutant males had lower percent mating
success in mating assay with 1 male and 1 hermaphrodite. The number of
successful mating (indicated by the presence of cross progeny) and total
number of mating assay was indicated above each bar. (B) mir-83 mutant
males showed defects in interacting with hermaphrodites. Sperm transfer
assay measures the interaction between multiple males and hermaphrodites.
The number of hermaphrodites interacted by the control (him-8; his-72) or
mutant males from 3 biological replicates are indicated above the bar
representing the percentage of interaction. (C) The male sperm transfer due
to male-hermaphrodite interaction. The hermaphrodites were interacted by
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control or mutant males, and then scored under fluorescent microscope for
male sperm presence. (D) Seed sequence (red) is shared between mir-83
and mir-49, and between mir-789.1 and mir-789.2. (E) The percent mating
success of single and double mutant males in mating assay. The statistical
analysis between control and mutant was conducted using Fisher’s exact test
and shown as ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001
Male sperm production is reduced in four miRNA mutants
With normal sperm function observed in miRNA mutants, we next
asked whether sperm production is affected in our set of miRNA deletion
mutants. A his-72::gfp transgene (stIs10027) was used to quantify sperm
production (Huang et al., 2012). Four miRNA mutants were observed to have
a lower number of sperm in young adult males: mir-58.1, mir-83, mir-235, and
mir-4807-4810.1 (Figure 4.5A). The mir-4807-4923.1 cluster comprises two
small clusters, mir-4807-4810.1 and mir-1018-4923.1 (Figure 4.3). While mir4807-4810.1 mutant males had a lower sperm count, the number of sperm in
mir-1018-4923.1 mutant males was comparable to control worms
(Figure 4.5B). Interestingly, losing both mir-4807-4810.1 and mir-1018-4923.1
clusters didn’t result in a reduced number of sperm (Figure 4.5B). Lastly,
although the mir-2209.2-mir-2209.3 miRNA cluster contains 5 miRNAs with
highest fold change in our differential expression analysis mir-2209.2-mir2209.3 (Figure 4.5B), these loss-of-function miRNA mutants did not result in a
reduced number of sperm. Losing both the mir-2209.2-mir-2209.3 and mir4807-4923.1 cluster also did not affect sperm count (Figure 4.5B).
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Figure 4. 5 Subset of miRNA mutant males produced fewer spermatids
at 20ºC and 25ºC.
(A) Male sperm count at 20 ºC. All strains assayed have him-8(e1489);
stls10027 (Phis-72::GFP) (him-8; his-72) background to facilitate sperm
quantification in males. (B) Loss of mir-2209.2-2209.3 and mir-4807-4923.1
clusters didn’t affect male sperm counts. (C) Male sperm count at 25 ºC. The
scatter plot showed the number of spermatids produced in control (him-8; his72, gray) and mutant males with each dot representing individual worm and
the error bar representing Mean ± SD. The statistical test between control and
mutant strains were performed using Dunnett’s or Dunnett’s T3, and the
significant difference is represented as *, p<0.05; **, p<0.01; ***, p<0.001; and
****, p<0.0001 above each data set.
Although the sperm count in other miRNA mutant males was not
affected, it is possible that these miRNAs function to maintain normal
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spermatogenesis under conditions of environmental stress. To test this, we
analyzed the number of sperm in mutant males at 25 ºCs. mir-235, mir-48074810.1, mir-58.1 and mir-83 mutant males showed a further reduction of
sperm at 25ºC (Figure 4.5C). Despite a normal sperm count at 20ºC
(Figure 4.6A), an additional 4 miRNA mutants had a lower sperm count at
25ºC (Figure 4.6B).
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Figure 4. 6 Some miRNA mutants had reduced sperm production only at
25 ºC.
(A) Number of sperm in mutant males are comparable to control at 20 ºC. (B)
Mutant males produced reduced number of sperm at 25 ºC. (C) Number of
sperm in males of single (yellow) and double (green) mutants at 20 ºC. (D)
Number of sperm in males of single (yellow) and double (green) mutants at 25
ºC. Males were counted at L4 molt + 5hrs and L4 molt at 20 ºC and 25 ºC,
respectively. Each dot in the scatter plot represents individual worm and the
error bar represents Mean ± SD. The statistical test between control and
mutant is indicated above each data set using Dunnett’s or Dunnett’s T3. The
statistical analysis results are represented as ns, p>0.05; *, p<0.05; **,
p<0.01; ***, p<0.001; ****, p<0.0001.
We tested for genetic interactions with family members of the four
miRNAs for which mutants had reduced sperm. First, interactions between
mir-58.1 and mir-58.3 were analyzed. mir-58.1 doesn’t have higher
expression level in male gonads (Table 4.1), unlike its family member, mir58.3. We found no enhancement of the sperm phenotype in the mir-58.1 mir58.3 double mutant males (Figure 4.6C), but rather saw suppression of the
mutant phenotype at 25ºC (Figure 4.6D). Next, loss of mir-49 suppressed the
sperm phenotype in mir-83 mutant males at 20ºC but enhanced the
phenotype at 25ºC (Figure 4.6C and 4.6D), suggesting that mir-49 functions
differently under normal and stressed conditions. Together, these results are
not consistent with the model that miRNA family members function
redundantly to regulate shared targets, but rather suggest more complex
genetic interactions in the male gonad.
Reduction in sperm number in three miRNA mutant strains correlates
with a lower brood size in hermaphrodites.
Since hermaphrodites produce both sperm and oocytes, defects in
sperm formation or function would result in reduced hermaphrodite fecundity.
To test this, brood size analysis was performed for our set of miRNA mutants.
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Seven miRNA mutant strains were shown have a decreased number of
progeny compared to control hermaphrodites (Figure 4.7A). Next, the number
of sperm produced by mutant hermaphrodites was determined. The number
of sperm was quantified in a him-8; his-72::gfp genetic background. Three of
the seven miRNA mutant strains with reduced brood sizes also had fewer
sperm (Figure 4.7B). Thus, for these three strains, the reduced number of
sperm is likely responsible for the observed lower brood size. Interestingly,
the brood size associated with loss of mir-2221 without him-8; his-72 in the
genetic background was not affected compared to control N2 hermaphrodites
(Figure 4.7C), suggesting that the him-8; his-72::gfp is a weakly sensitized
genetic background.
To test whether the reduction of hermaphrodite sperm was responsible
for the reduced brood size, we tested whether mating with control males could
restore normal fecundity. The brood size of mir-235 and mir-58.1 mutant
hermaphrodites were all increased when mutants were mated with control
males (Figure 4.7D), indicating defects in sperm, not oocyte, production in
mutant hermaphrodites. Together, these results indicate that the regulatory
roles of mir-58.1 and mir-235 in sperm production is shared by males and
hermaphrodites, while mir-83 and mir-4807-4810.1 is important specifically in
sperm production in males.
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Figure 4. 7 Lower number of spermatids is likely responsible for
decreased brood size in 2 miRNA mutant hermaphrodites.
(A) The total viable progeny of hermaphrodites in 7 mutant strains were
significantly lower compared to control (him-8; his-72, gray). (B)
Hermaphrodite sperm count in miRNA mutants with decreased brood size.
The total number of sperm produced in each hermaphrodite was counted at 6
hours post L4molt when the hermaphrodite has fully switched to oogenesis
and the sperm are barely used to fertilize the oocytes. (C) Brood size of 3
miRNA mutant hermaphrodites with lower sperm number when there is no
him-8; his-72 background. (A)(B)(C) The statistical test between control and a
specific mutant strain was performed using Dunnett’s or Dunnett’s T3. (D)
Brood size analysis of unmated and mated miRNA mutant strains along with
N2 controls. Welch’s T-test was used to compare brood size between
unmated and mated hermaphrodites. Hermaphrodites were mated with him-8;
his-72 males and the number of progeny were counted for individual worms.
(A)(B)(C) (D) The scatter plot showed the number of total viable progeny or
the total number of sperm in control and mutant hermaphrodites with each dot
representing individual worm and the error bar representing Mean ± SD. And
the significant difference is represented as *, p<0.05; **, p<0.01; ***, p<0.001;
****, p<0.0001.
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Male gonad-enriched miRNA clusters show genetic interactions with
four miRNA mutants with sperm defects
Although most of the miRNAs analyzed were not individually required
for optimal fertility and fecundity in males and hermaphrodites, we
hypothesized that some may have additive functions with other male gonadenriched miRNAs. To test this, we first examined genetic interactions between
the two male gonad enriched clusters, mir-1018-4923.1 and mir-2209.22209.3 with the four miRNA mutations that resulted in a reduced number of
sperm in mutant males (mir-235, mir-4807-4810.1, mir-58.1, and mir-83).
Surprisingly, no additive effects were observed. Instead, suppression of
sperm defects was observed in a subset of multiply mutant strains. Loss of
mir-1018-4923.1 or mir-2209.2-2209.3 alone showed an average sperm count
that was not significantly different from control males. The reduction in sperm
number associated with loss of mir-4707-4810.1 was fully suppressed by mir1018-4923.1 and mir-2209.2-2209.3 mutations (Figure 4.8A). In contrast, the
reduction in sperm number associated with loss of mir-58.1 was unaffected by
the mir-1018-4923.1 and mir-2209.2-2209.3 mutations. The reduction of
sperm in mir-235 mutants was partially suppressed by the mir-1018-4923.1
mutation. Lastly, the reduction of sperm in mir-83 mutants was unaffected by
the mir-1018-4923.1 mutation while it was suppressed by the mir-2209.22209.3 mutation.
Further dissection of the mir-2209.2-mir-2209.3 cluster showed that
losing two of the five miRNAs in the cluster, mir-2209.1 and 2209.3, was
enough to result in full suppression of the reduced sperm number phenotype
in mir-4807-4810.1 or mir-83 mutant males (Figure 4.8B). In addition, we

73
examined the effects of losing mir-2209.2-2209.3 or mir-1018-4923.1 on the
brood sizes of mir-235, mir-4807-4810.1, mir-58.1, and mir-83 mutant
hermaphrodites (Figure 4.8C). No change in brood size was observed with
the presence of the mir-2209.2-2209.3 or mir-1018-4923.1 mutations. This
suggests that the regulatory activity of mir-2209.2-2209.3 and mir-10184923.1 is specific to male gonads.
Together, these data indicate that the lower sperm counts in mir-48074810.1 mutant males is dependent on the presence of mir-2209.2-2209.3 or
mir-1018-4923.1, while the lower sperm count in mir-83 and mir-235 mutant
males is dependent on the presence of the mir-2209.2-2209.3 and mir-10184923.1, respectively. This provides evidence that these miRNAs may be
indirectly involved in male gonad function. However, no similar effect by losing
mir-2209.2-2209.3 or mir-1018-4923.1 was found in mir-58.1 mutant males
(Figure 4.8A), suggesting that mir-58.1 acts through different mechanism to
regulate sperm production.
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Figure 4. 8 Genetic interactions between miRNA mutations associated
with reduced sperm formation and two miRNA cluster mutations.
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(A) Losing mir-1018-4923.1 or mir-2209.2-2209.3 cluster has varied
influences on lower sperm production phenotype of 4 miRNA mutants. The
male sperm number in mir-235, mir-4807-4810.1, mir-58.1 and mir-83 mutant
and their counterparts in which either mir-1018-4923.1 or mir-2209.2-2209.3
is lost are colored in yellow, pink, green and blue, respectively. (B)The loss of
mir-2209.1 and mir-2209.3 influences the male sperm in mir-4807-4910.1
(pink) and mir-83 (blue) mutants. (C) Losing mir-1018-4923.1 or mir-2209.22209.3 miRNA cluster didn’t affect brood size in mir-235, mir-4807-4810.1,
mir-58.1, and mir-83 mutant hermaphrodites. (A)(B)(C) The comparison
between control (him-8; his-72) and the miRNA mutant is shown above each
data set by Dunnett or Dunnett’s T3, and the comparison between single
mutant and double mutant is indicated by the line above the data sets by
Welch’s T-test. Each dot in the scatter plot represents number of sperm or
brood size of individual worm and n> 10 for all strains analyzed. The error bar
represents Mean ± SD for each strain. The statistical analysis results are
represented as ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.
miRNA-target network analysis suggested complex genetic interactions
between four male-gonad enriched miRNAs with sperm defects
To begin to understand the network of target mRNAs for mir-235, mir4807-4810.1, mir-58.1, and mir-83 in the process of sperm production, we
performed computational analysis of the set of predicted targets using the
Targetscan algorithm. We further filtered the list of predicted targets to focus
on miRNA target mRNAs that are present in the C. elegans germline using
published transcriptome data (Ortiz et al., 2014b; Tzur et al., 2018b). Gene
ontology analysis with DAVID revealed an enrichment of target mRNAs
categorized as genes associated with protein binding, nucleotide binding, ATP
binding, and kinase activity as the most enriched terms. And KEGG pathway
analysis of predicted germline mRNA targets indicated the possible regulation
of pathways involving Notch signaling, RNA degradation, and MAPK by mir235, mir-4807-4810.1, mir-58.1, and mir-83. Additionally, we used network
visualization tool Cytoscape to understand the relationship between mir-235,
mir-4807-4810.1, mir-58.1, and mir-83 (Shannon et al., 2003). It was revealed
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that many targets are potentially shared by mir-235, mir-4807-4810.1, mir58.1, and mir-83. Together, this suggests that the observed genetic
interactions between these miRNAs may be mediated through shared targets
or pathways.
Genetic interactions between set of four male gonad-enriched miRNAs
with sperm defects
To test for genetic interactions between mir-58.1, mir-83, mir-235, and
mir-4807-4810.1, we analyzed the number of sperm produced in multiply
mutant males. Although these four miRNA mutants all showed a lower
number of sperm in young adult males, analysis of the multiply mutants
revealed that the effects of losing these miRNAs on sperm production are not
strictly additive (Figure 4.9A). First, some combinations of miRNA mutants
showed no further reduction in sperm number compared to the single
mutants. For example, the mutant males with loss of mir-235 and the mir4807-4810.1 cluster had sperm counts comparable to mir-4807-4810.1
mutants (Figure 4.9B). Second, some combinations of mutants showed
suppression of the reduced number of sperm: mir-235; mir-83 double mutant
males displayed sperm count higher than both single mutants and not
statistically different from controls (Figure 4.9C). Third, we observed
enhanced defects. For example, the mir-83; mir-4807-4810.1 double mutant
males displayed enhanced phenotype compared to both single mutants
(Figure 4.9D).
The suppression effect of losing mir-235 on mir-4807-4810.1, and mir83 sperm count phenotype was unexpected, because the loss of mir-2209.22209.3 also suppressed the sperm count phenotype in mir-235 mutant males
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as in mir-4807-4810.1 and mir-83 mutants (Figure 4.8A). However, losing mir2209.2-2209.3 fully suppressed the phenotype in the double mutant males,
and losing mir-2209.1 and mir-2209.3 was sufficient to induce the suppression
effect (Figure 4.9E).
Based on this, we predicted that mir-4807-4810.1 and mir-83 regulates
sperm production by similar mechanism (Figure 4.9F). Moreover, the
phenotype in mir-235; mir-83; mir-4807-4810.1 triple mutant males was
partially suppressed compared to the double (Figure 4.9G). Together, the
results indicate that mir-235 may act in two independent mechanisms: one
that is independent on the presence of mir-2209.2-2209.3 unlike mir-48074810.1 or mir-83 (Figure 4.9F), and one that is antagonistic to mir-48074810.1 and mir-83 (Figure 4.9H).
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Figure 4. 9 Complex regulatory network of miRNAs controls sperm
production.
(A) The number of haploid spermatids in controls (gray), single (yellow),
double (green), triple (purple), and quadruple (blue) mutant males. The error
bar in bar graph represents Mean ± SD for each strain. (B)(C)(D) The number
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of male sperm in miRNA single or double mutants. (E)(G) The number of male
sperm in miRNA double (green) or triple (blue) mutants. Sperm quantification
was performed for individual control and miRNA multiply mutant strains using
his-72::gfp to detect haploid spermatids. Each dot in the scatter plot
represents the number of sperm in individual worm and lines represent mean
± SD for each strain. All strains assayed with him-8; his-72 in the genetic
background. The statistical analysis results are represented as ns, p>0.05; *,
p<0.05; **, p<0.01; ***, p<0.001; and ****, p<0.0001. The comparison between
control (him-8; his-72) and mutant is indicated above the data sets with
Dunnett’s T3, and other comparison pair is indicated by the line above them
by Welch’s T-test. (F)(H) Diagram of the genetic interactions of miRNAs that
regulate sperm production.
Besides, the male sperm count was further reduced in mir-235; mir58.1 mir-83 triple mutant (Figure 4.10A-4.10C), suggesting that mir-58.1 acts
in parallel pathway to mir-235 and mir-83. Together, the evidence from
analysis on multiple miRNA mutants suggests a complex genetic network for
mir-235, mir-4807-4810.1, mir-58.1, and mir-83 to allow optimal sperm
production.
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Figure 4. 10 The number of male sperm in multiple miRNA mutants.
(A)(B)(C) Number of male sperm in control (gray), double miRNA mutants
(green), and triple miRNA mutants (purple). The scatter plot showed the
number of total viable progeny or number of in control (him-8; his-72) and
mutants with each dot representing individual worm and the error bar
representing Mean ± SD. The statistical test between control and mutant is
indicated above each data set by Dunnett or Dunnett’s T3, and other
comparison is indicated by line above each pair of datasets by Welch’s T-test.
Results are shown as ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001.
We then asked whether the genetic interaction between these miRNAs
is present in hermaphrodite. Brood size analysis was conducted for multiple
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miRNA mutants (Figure 4.11A). The brood size in mir-235; mir-83 is
comparable to control, suggesting that the antagonistic roles between them is
shared by both male and hermaphrodite (Figure 4.11B). The effect of losing
mir-235 and mir-58.1 is additive on hermaphrodite brood size (Figure 4.11C).
Interestingly, although we didn’t observe an effect of losing mir-4807-4810.1
on hermaphrodite sperm production and hence no effect on brood size, it was
found that the brood size in mir-58.1; mir-4807-4810.1 double mutant was
increased compared to mir-58.1 (Figure 4.11D). This suggests that mir-48074810.1 may be involved in regulating germline function in hermaphrodite
indirectly. Unlike the additive effects on sperm count phenotype in mir-58.1
mir-83 double mutant male (Figure 4.10B), we found no enhancement of
reduced brood size phenotype in mir-58.1 mir-83 double mutant
hermaphrodites (Figure 4.11E). The effect of losing mir-83 on phenotype in
mir-235 or mir-58.1 mutant hermaphrodites differed from males, which could
result from that mir-83 regulates germline function in hermaphrodite by a
different mechanism.
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Figure 4. 11 Brood size of multiple miRNA mutants in hermaphrodites.
(A) The mean brood size in single and multiply miRNA mutants are shown
with bar graph. The control, single mutants, double mutants, and triple
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mutants were in gray, yellow, green, and purple, respectively. (B)(C)(D)(E)
The total number of progeny in miRNA single (yellow) or double mutants
(green) hermaphrodites. Each dot in the scatter plot represents brood size in
individual worm and n> 10 for all strains analyzed. The error bar represents
Mean ± SD for each strain. The comparison between control (him-8; his-72)
and mutant is indicated above each data set by Dunnett’s T3, and the
comparison between the single miRNA mutant and double mutant is indicated
by the line above them using Welch’s T-test. The statistical analysis results
are represented as ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001.

Meiosis progression defect may be accountable for lower sperm count
in miRNA mutant males
To determine whether the reduced number of sperm in mir-58.1, mir83, mir-235, and mir-4807-4810.1 mutant males reflects defects in the mitotic
or meiotic stages in the male germline, analysis of nuclear morphology was
performed using DAPI staining of mutant male gonads (Albert Hubbard &
Schedl, 2019). In male gonad arms, the germ cells in the mitotic region and
meiotic transition zone have distinct chromatin morphology, which can be
easily identified and used as a convenient indicator of mitotic and meiotic
progression. In N2 males, there is an average of 27 and 18 rows of nuclei in
the mitotic and transition zone areas, respectively (Morgan et al., 2010).
Quantification of rows of nuclei in the isolated gonad arms of mutant males
found that the mitotic region was similar to controls (Figure 4.12A). However,
we observed that the transition zone length was shorter in the gonad arms of
mir-235, mir-4807-4810.1, mir-58.1, and mir-83 mutants (Figure 4.12B). No
additional morphology defects were observed in the gonad arms of miRNA
mutants. Meiotic progression defects may thus account for the lower sperm
count in miRNA mutants. While the mitotic zone length remains comparable to
control in the multiply mutant males (Figure 4.12C), the transition zone was
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further shortened in the multiply mutant males that showed enhanced sperm
defects (Figure 4.12D). This correlation suggests that meiotic progression
defects may be associated with the lower sperm count in miRNA mutants.
The reduced sperm number phenotype in mir-235; mir-83; mir-4807-4810.1
triple mutant males was suppressed compared to the double (Figure 4.9G).
However, no such suppression effect was identified for the transition zone
length ((Figure 4.12D), suggesting that this suppression occurs downstream
or independent of the meiotic progression phenotype.
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Figure 4. 12 The miRNA mutants had shorter transition zone in DAPIstained gonads.
(A-D) Individual DAPI stained gonads were analyzed for the length of the
mitotic zone (A)(C), determined by the number of cell rows from the distal end
to the start of the transition zone with nuclei with polarized chromatin in a
crescent morphology and the length of the transition zone (B)(D), determined
by the number of cell rows that contain nuclei with polarized chromatin. The
box and whisker plots show the number of cell rows in the mitotic region
(A)(C) or transition zone (B)(D) with the lower and upper line indicating the
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mean, minimum and maximum with error bars ± SD. The statistical analysis
between control (him-8; his-72) and mutant was conducted by Dunnett’s test.
The reduction in sperm number in young adult mutant males could be
due to a slower rate of sperm production or to a delay in the onset of haploid
spermatid production at the L4 stage. To examine this, we first quantified
male sperm at different time points after the L4 molt. The results showed that
the mutants had lower male sperm count than control at all time points
examined, and sperm were produced continually since L4 stage
(Figure 4.13A-4.13D), which may indicate slower sperm production.

Figure 4. 13 The number of sperm produced by male at three time
points.
(A)(B)(C)(D) The number of haploid spermatids in control males (gray) and
miRNA mutant males at L4 molt, L4 molt+2hrs, and L4 molt+ 5hrs. On each
plot, the mean number of sperm was showed as dot with error bars showing
SD. The statistical analysis between control and mutant was conducted by Ttest and represented with ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; and
****, p<0.0001.
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And at the L4 molt, the miRNA mutants already displayed lower male
sperm count, therefore, we then asked whether the timing of when haploid
spermatids start to be produced is affected in these mutants. Early L4s were
analyzed for the appearance of haploid sperm in mutant gonad arms. In the
mir-4807-4810.1 mutant, none of early L4 males before the start of tail
retraction had sperm production compared to 10% in the control
(Figure 4.14A). For early L4 males with ongoing tail retraction, the mir-48074810.1 mutant had 76% of worms with sperm production compared to 100%
in the control (Figure 4.14B). This suggests that delay of spermatid onset also
contributed to the sperm count phenotype in mir-4807-4810.1 mutant males.
Taken together, slower meiotic progression most likely contributed to lower
sperm count in mir-235, mir-4807-4810.1, mir-58.1, and mir-83 mutant males.

Figure 4. 14 Sperm onset in miRNA mutant males.
(A) The sperm onset in early L4 males before tail retraction. (B) The sperm
onset in early L4 males with tail retraction. The bar graph represents the
percentage of worms observed with spermatids, and the numbers were
indicated above the bar. The statistical test between control and mutant was
conducted by Fisher’s exact test shown as ns, p>0.05; *, p<0.05; **, p<0.01.
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Summary
miRNAs regulate sperm production
Consistent with a role of miRNAs in regulating sperm production when
analyzing miRNA biogenesis pathway mutants, the analysis of loss-of-function
mutants of male gonad-enriched miRNAs identified 4 and 3 miRNA mutants
with reduced sperm production at 20 ºC and 25 ºC, respectively. And 2 out of
the 4 miRNA mutants with decreased male sperm number at 20 ºC also had
decreased sperm production in hermaphrodites, likely contributing to their
lower brood size phenotype.
In my analysis, a moderate temperature stress at 25 ºC induced sperm
production defects in 3 miRNAs. More and more evidence suggests a function
of miRNAs to buffer environmental stress (Burke et al., 2015; T. Guo et al.,
2020; Isik et al., 2016; Pagliuso et al., 2021; Tran et al., 2019). It is possible
that the lack of sperm production phenotype in some miRNAs is due to a
conditional function of these miRNAs in stress conditions. For example, some
miRNAs are dysregulated in worms exposed to upon graphene oxide (GO)
(Zhao et al., 2016), including mir-2210, mir-4810, and mir-4807, which are
defined as male gonad-enriched miRNA in this study. GO is a kind of
graphene product with wide application, and the GO exposure confers toxicity
to the germline, therefore, influencing reproductive health (T. Guo et al., 2020;
Zhao et al., 2016). It is possible that regulation by mir-2210, mir-4810, and
mir-4807 is important for germline function in response to GO exposure.
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Two male gonad-enriched miRNA clusters interact with three miRNA
mutants with sperm defects
Two male gonad enriched clusters, mir-1018-4923.1 and mir-2209.22209.3 were shown to affect the reduced sperm production phenotype in 2
mutant males (mir-235, mir-4807-4810.1, and mir-83), and mir-2209.2-2209.3
was shown to affect the phenotype in mir-83 mutant although loss of mir1018-4923.1 or mir-2209.2-2209.3 alone showed an average sperm count
comparable to control males. This suggests that these miRNAs may be
indirectly involved in male gonad function to regulate sperm production.
However, no similar effect by losing mir-2209.2-2209.3 or mir-1018-4923.1
was found in mir-58.1 mutant males (Figure 4.8A), suggesting that mir-58.1
acts through different mechanism to regulate sperm production. Furthermore,
this suppression effect is only observed for males, suggesting that the
regulatory activity of mir-2209.2-2209.3 and mir-1018-4923.1 is specific to
male gonads.
Genetic interaction between mir-58.1, mir-235, mir-4807-4810.1, and mir83 mutant
Mutant phenotypes were further characterized for mir-58.1, mir-235,
mir-4807-4810.1, and mir-83 mutant males. Overall, I saw an additive trend of
phenotype from multiple miRNA mutant analyses, but with a few exemptions
(Figure 4.9), suggesting genetic interactions between the 4 miRNAs. Based
on this, a model was generated in which two independent mechanisms are
presumably accountable for the phenotype in mir-235 mutants, one of which
is independent on the presence of mir-2209.2-2209.3 unlike mir-4807-4810.1
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or mir-83 (Figure 4.9F), and the other one is antagonistic to mir-4807-4810.1
or mir-83 (Figure 4.9H).
Meiotic defects present in mir-58.1, mir-235, mir-4807-4810.1, and mir-83
mutant male gonads
Further, mir-58.1, mir-235, mir-4807-4810.1, and mir-83 mutant males
were analyzed with DAPI-staining on isolated gonads to characterize
phenotypes in the germline that result in reduced sperm production. The
mutant males were found to have a shorter transition zone (Figure 4.12B),
indicating meiotic progression defects. I also analyzed the transition zone
length in the multiple miRNA mutants, and the transition zone length was
further shortened in them, indicating that the meiotic progression defects
contributed to the reduced sperm production. A shorter transition zone might
reflect a problem of meiotic checkpoint in leptotene/zygotene for some germ
cells (Harper et al., 2011a; Jaramillo-Lambert et al., 2007, 2010). This could
be further studied to understand the molecular mechanism underlying the
sperm production defects in mir-58.1, mir-235, mir-4807-4810.1, and mir-83.
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Chapter 5: Phenotypic analysis of ifet-1 3’UTR mutants
miRNA-target network analysis suggested ifet-1 as potential target of
several male gonad-enriched miRNAs
The work described in Chapter 4 identified a set of miRNAs that regulate
sperm production. Additionally, the analysis of miRNA multiple mutants
suggested complex genetic interaction between miRNAs that are involved in
this process. miRNAs could interact through shared targets or different targets
that act in the same pathway or a related pathway. Therefore, the
identification of miRNA targets is important to further elucidate the molecular
mechanism of miRNAs regulation of sperm production. To this end, I
performed miRNA-target network analysis with computational tools. First, the
Targetscan algorithm was used to predict targets for the 29 male gonadenriched miRNAs defined in Chapter4. The list of predicted targets for each
miRNA was further filtered using published transcriptome data to focus on
target mRNAs that are present in the C. elegans germline (Ortiz et al., 2014b;
Tzur et al., 2018b). Next, miRNA-target network was built and visualized using
Cytoscape (Shannon et al., 2003). Four genes, ifet-1, unc-44, flp-10, and
F13B12.6, were identified as potential shared targets of 6 male gonadenriched miRNAs (Figure 5.1A). Of these 4 targets, ifet-1 has been studied in
regard to its regulatory roles in the C. elegans germline.
ifet-1 encodes the C. elegans homolog of eIF4E-transporter. As a
translational repressor for numerous targets, its function has been shown
important for normal gonad organization and oogenesis, the P granule
formation, and early embryonic development (Guven-Ozkan et al., 2010; Li et
al., 2009; Sengupta et al., 2012). Specifically, IFET-1 interacts with one of the
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eIF4Es, IFE-3, to modulate its function in regulating the spermatogenesisoogenesis switch through germline sex determination (GSD) in
hermaphrodites (Huggins et al., 2020).
To test whether miRNA-mediated regulation plays important roles for
the normal function of ifet-1, I performed genetic analysis of the 3’ UTR
sequence in the ifet-1 gene to examine the effect of losing miRNAs-mediated
regulation on its normal function in the germline. CRISPR-Cas9 genome
editing was used to mutate the miRNA binding sites on its 3’UTR. By
introducing two double strand DNA breaks flanking the miRNA binding sites in
the 3’UTR region of interest, I was able to replace the wild-type 3’UTR with a
mutated 3’UTR (xw62) in which multiple miRNA binding sites are mutated to
remove the binding site for the 6 nucleotide miRNA seed sequence, as well as
one with the majority of 3’UTR deleted (xw63) (Figure 5.1B).
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Figure 5. 1 ifet-1 is a potential target of male gonad-enriched miRNAs.
(A) miRNA-target network analysis of male gonad-enriched miRNAs revealed
four genes potentially targeted by 6 miRNAs. The miRNAs were shown in
pentagon (pink), and targets in circle (light blue). (B) New alleles of ifet-1 with
mutated 3’UTR by CRISPR genome editing.

ifet-1 3’UTR mutations didn’t affect the male fertility
ifet-1 plays essential roles in the germline to regulate various
processes through the regulation of downstream targets. Because of that, it’s
expected that misregulation of ifet-1 can alter multiple pathways in the
hermaphrodite and male germline, which can result in reduced fecundity.
First, male and hermaphrodite fertility was assessed in worms that have either
ifet-1(xw62) or ifet-1(xw63) alleles (Figure 5.1B). To facilitate the phenotypic
analysis, him-8; his-72 (him-8(e1489); his-72(HIS-72::GFP(stls10027)) was
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crossed with both alleles (Huang et al., 2012). Mutant males were analyzed
with mating assays in which a single control or mutant male mates with single
unc-17 hermaphrodite (1 to 1 matings). Both ifet-1(xw62) and ifet-1(xw63)
mutant males could successfully mate with the hermaphrodite comparable to
control males (Figure 5.2A), indicating that the mating behavior is normal in
the mutants. Next, when the unc-17 hermaphrodite was successfully mated
by either ifet-1(xw62) or ifet-1(xw63) males, male sperm were preferentially
used to fertilize the oocyte as indicated by a lower percent self-progeny
(Figure 5.2B), and large number of cross progeny was produced, similar to
controls (Figure 5.2C). This suggests normal sperm function in both ifet1(xw62) and ifet-1(xw63) males. Further, the number of sperm produced in
the mutant males was not different from the control (Figure 5.2D). Together,
the results suggested that both sperm production and sperm function is
unaffected by the two 3’UTR mutations in ifet-1(xw62) or ifet-1(xw63) in both
alleles.
Next, hermaphrodite fertility was assessed by the brood size assay.
ifet-1(xw62) or ifet-1(xw63) hermaphrodites had a mean brood size of 210 and
34, respectively, compared to the control of 288 for the total number of
progeny (Figure 5.2E). For ifet-1(xw63), 3 out of 14 hermaphrodites produced
fewer than 10 progeny. The 3’UTR variation in both alleles were shown to
compromise hermaphrodite fecundity, while the male fertility remained
unaffected. Hence, subsequent research focused on defects observed in
mutant hermaphrodites.
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Figure 5. 2 ifet-1 3’ UTR mutants had normal male fertility and decreased
hermaphrodite fertility.
(A) The mating success was unaffected in both mutants. The comparison
between control and mutant was indicated above each bar using Fisher’s
exact test. (B) The percent self-progeny of unc-17 hermaphrodite when
successfully mated by control or mutant male. (C) The number of crossprogeny produced by unc-17 hermaphrodite. (D) The number of sperm
produced by mutant males (L4molt +5hrs). (E) The total number of progenies
of mutant hermaphrodites. Each dot in the scatter plot represents individual
worm, and the error bar represents Mean ± SD. The comparison between
control and mutant is indicated above each data set. The statistical test was
conducted using Dunnett with *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001.
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Sperm production defect is likely responsible for the decreased brood
size in ifet-1(xw62) hermaphrodites.
Hermaphrodites produce sperm at L4 stage and then switch to
oogenesis for the remainder of their reproductive life. Therefore, a decreased
brood size results from a defect in spermatogenesis or oogenesis. Knock
down of ifet-1 can result in increased number of sperm due to the defective
spermatogenesis-oogenesis transition (Huggins et al., 2020). To determine
which process plays a part in the decreased brood size observed in ifet1(xw62) mutants, they were mated by control males to determine if
exogenous sperm can restore normal fertility. For hermaphrodites with normal
spermatogenesis and oogenesis, the number of progeny that a hermaphrodite
can produce through the whole adulthood is mostly limited by the number of
sperm available. Consequently, when mated by control males, a large number
of male sperm are transferred to hermaphrodites, leading to brood size
increase. ifet-1(xw62) mutant hermaphrodites mated by control males had a
significantly increased average brood size (Figure 5.3A), because large
number of sperm from control males are transferred to produce cross
progenies. This suggests no obvious oogenesis defects in this allele Also,
decreased brood size was found in ifet-1(xw62) hermaphrodites compared to
N2 (Figure 5.3A), similar to ifet-1(xw62); him-8; his-72 compared to the him-8;
his-72 background (Figure 5.2E). With the oogenesis defects ruled out, I
focused on spermatogenesis in ifet-1(xw62). The number of sperm produced
in the ifet-1(xw62) hermaphrodites was quantified at various time points post
L4 molt, and it was observed that fewer sperm were produced in the mutant
compared to control at both time points examined (Figure 5.3B). This could be
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due to spermatogenesis defects, delayed onset of sperm production, or
premature entry into oogenesis. Sperm onset was first examined in the
mutant (Figure 5.3C). 61% (n = 28) of mutant hermaphrodites observed had
sperm production at 10 hrs post L3molt, comparable to 63% (n = 30) in
control (Figure 5.3C). This demonstrates that a delayed onset of sperm
production is not the cause for the decreased brood size for ifet-1(xw62)
mutants.
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Figure 5. 3 The ifet-1(xw62) hermaphrodites had decreased brood size
likely due to sperm production defect.
(A) The total number of progeny in ifet-1(xw62) hermaphrodites were
significantly increased when mated by control males. (B) ifet-1(xw62)
hermaphrodites produced few sperm. (C) ifet-1(xw62) hermaphrodites had no
delayed sperm production onset. The percent worms with sperm production at
L3molt + 10hrs. (A)(B) The scatter plot showed the number of total viable
progeny or the total number of sperm in control and mutant hermaphrodites
with each dot representing individual worm and the error bar representing
Mean ± SD. The statistical test between control and a specific mutant strain
was performed using Welch’s T-test. And the significant difference is
represented as *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.
Next, premature oocyte onset was examined in the mutants. Premature
onset of oocytes would indicate a shorter window for sperm production that
would result in fewer sperm and a reduced number of progeny. At 3 hrs post
L4molt, the transition from spermatogenesis to oogenesis wass not completed
in both control and mutant (Figure 5.4A). At 5 hrs post L4molt, most of control
or mutant worms had begun to produce oogenesis in at least one gonad arm
(Figure 5.4B), therefore, no early oocyte production was observed in the ifet1(xw62) mutants. Collectively, the results support that a spermatogenesis
defect, rather than a defect in the timing of spermatogenesis, during the L4
stage is likely accountable for the decreased sperm production and decreased
brood size in ifet-1(xw62) hermaphrodite.
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Figure 5. 4 The ifet-1(xw62) hermaphrodites displayed normal oocyte
onset.
(A) The percent worms with oocyte production observed at L4molt + 3 hrs. (B)
The percent worms with oocyte production observed at L4molt + 5 hrs. The
statistical analysis between control and mutant was conducted using Fisher’s
exact test and shown as ns, p>0.05.
ifet-1 RNAi induced increased number of sperm in control and ifet1(xw62)
IFET-1 functions to regulate the localization of the eIF4E family protein,
IFE-3, to perinuclear granules and the gonad rachis core. IFET-1 has also
been demonstrated to function to regulate the spermatogenesis-oogenesis
switch through the regulation of downstream targets in the germline sex
determination pathway (Huggins et al., 2020). ife-3 RNAi induces the
production of small oocytes, or a sperm only phenotype (Masculinization Of
the Germline, or “Mog” phenotype) (Huggins et al., 2020). If the phenotype in
ifet-1(xw62) is resulted from an excess of IFET-1 protein level, the ifet-1 RNAi
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can suppress the defect. IFET-1 functions together with IFE-3 to regulate
germline sex determination targets, and ifet-1 RNAi can induce
spermatogenesis-oogenesis switch defects as ife-3 RNAi (Huggins et al.,
2020). To understand whether knockdown of IFET-1 by ifet-1 RNAi could
repress the phenotype in ifet-1(xw62), ifet-1 RNAi was performed for control
and ifet-1(xw62) hermaphrodites. Then the number of sperm produced in
control and mutant was quantified at 6 hrs post L4molt, a time at which the
germline has fully switched from spermatogenesis to oogenesis. With control
RNAi (empty vector, L4440, RNAi), ifet-1(xw62) mutants had lower sperm
number than the control (Figure 5.5). In control or mutant hermaphrodites,
ifet-1 RNAi resulted in increased sperm production compared to control RNAi
(Figure 5.5). This continuous sperm production in adulthood suggests
defective transition from spermatogenesis to oogenesis in both control and
mutant. However, mutant hermaphrodites of ifet-1(xw62); him-8; his-72; ifet-1
RNAi had fewer sperm production compared to him-8; his-72; ifet-1 RNAi
(Figure 5.5). If lower sperm number in ifet-1(xw62) is caused by premature
onset of oogenesis, continuous sperm production caused by ifet-1 RNAi
would rescue the phenotype ifet-1(xw62). Therefore, the results further
support the idea that ifet-1(xw62) alleles had sperm production affected during
L4 instead of premature onset of oogenesis (Figure 5.1B), and this suggests
an previously unknown role of IFET-1 in spermatogenesis during L4.
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Figure 5. 5 ifet-1(RNAi) results in an increased number of sperm in
control and ifet-1(xw62) mutants.
(A) The number of sperm produced in hermaphrodites at L4molt +6hrs. L4
hermaphrodites were pick from control (gray) or mutant (yellow) onto RNAi
plates with either empty vector (L4440) or ifet-1 RNAi. About 3 days later,
sperm quantification was performed in F1 progenies. Each dot represents
individual worm, and the error bar represents Mean ± SD. The comparison
between data sets was performed using unpaired T-test. And the significant
difference is represented as *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001
above each data set.
Sperm production defect is likely responsible for the decreased brood
size in ifet-1(xw63) hermaphrodites.
To further characterize the defects underlying decreased brood size in
ifet-1(xw63), the total number of progeny produced by ifet-1(xw63)
hermaphrodites mated by control male were counted. First, ifet-1(xw63)
hermaphrodite without him-8; his-72 background recapitulated the strongly
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decreased brood size phenotype compared to N2 (Figure 5.6A). However,
when mated by control male, the number of progeny produced by ifet-1(xw63)
remained the same (Figure 5.6A), which could be explained by the presence
of oogenesis defects. Or both spermatogenesis and oogenesis are defective
in ifet-1(xw63) hermaphrodite.
Next, young adults were observed for sperm presence and oocyte
production. The percentage of worms with sperm is not different between
control and mutant hermaphrodites (Figure 5.5B), as well as with the
percentage of worms with oocytes (Figure 5.5C).

Figure 5. 6 The decreased brood size of ifet-1(xw63) hermaphrodites
cannot be rescued when mated by control male.
(A)The total number of progeny in ifet-1(xw63) hermaphrodites remained
same when mated by control males. The scatter plot showed the number of
total viable progeny with each dot representing individual worm and the error
bar representing Mean ± SD. (B) The percent of ifet-1(xw63) hermaphrodites
at young adult with sperm production is comparable to control. (C) The
percent of ifet-1(xw63) hermaphrodites at young adult with oocyte production
is comparable to control. Fisher’s exact test was conducted to compare
between mutant and control.
For unknown mechanism, the Phis-72::GFP fluorescence is weak in
ifet-1(xw63) hermaphrodites, rendering hermaphrodite sperm quantification
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directly with his-72 background unavailable. It was also noticed that the ifet1(xw63) hermaphrodites at L4 stages seems normal compared to control,
while some adult hermaphrodites had germline structure disrupted or
produced smaller oocytes. For future studies, the adult germline should be
closely examined in ifet-1(xw63) adult hermaphrodite with isolated gonads or
whole worm stained by DAPI.
mRNA level of ifet-1 is higher in L4 hermaphrodites of xw62 and xw63
To elucidate the molecular mechanism that causes decreased brood
size in both xw62 and xw63 mutants, it is important to understand the ifet-1
expression level in both alleles with 3’UTR variations. RT-qPCR results
showed that L4 hermaphrodites of xw62 and xw63 had expression of 2.94
and 6.66, respectively, compared to 1.00 in N2 (Figure 5.7A). Young adults of
xw62 and xw63 had expression of 1.37 and 2.56, respectively, compared to
1.00 in N2 (Figure 5.7B). Because 3’UTR of xw62 differs from wild type in the
loss of miRNA binding sites, it is important to test whether miRNA mutants
could display higher ifet-1 mRNA expression level as well. L4 hermaphrodites
of mirr-58.1 and mir-2209.2-2209.3 mutant had reduced mRNA level of ifet-1,
while mir-2221, mir-58.1; mir-2221, and mir-4807-4810.1 mir-1018-4923.1
cluster mutants had mRNA level unchanged (Figure 5.7C). It’s possible that
these miRNAs function together to regulate 3’UTR of ifet-1, therefore, losing
one or two miRNAs in the miRNA mutants didn’t influence the regulation.
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Figure 5. 7 ifet-1 mRNA level in ifet-1 3’UTR mutants or miRNA mutants.
(A) ifet-1 mRNA level in ifet-1 3’UTR mutant hermaphrodites at L4 stage. L4s
were picked from a mixed plate for total RNA prep with 3 biological replicates.
(B) ifet-1 mRNA level in ifet-1 3’UTR mutant hermaphrodites at young adult
stage. Synchronized plate was used for total RNA prep with 3 biological
replicates. (C) ifet-1 mRNA level in miRNA mutant hermaphrodites at L4
stage. Synchronized plate was used for total RNA prep with 2 biological
replicates included. Total RNA was extracted from whole worm for RT-qPCR.
The bar represents the expression of ifet-1 relative to control (1.0) when
normalized to cdc-42 and tbc-2. Each biological replicate contains 3 technical
replicates. The statistical test between control and mutant was performed
using unpaired T-test. And the error bar represents expression SEM.
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Endogenous C-terminal tag of IFET-1 to understand the protein level in
ifet-1(xw62) and ifet-1(xw63)
miRNAs regulate mRNA targets by inhibiting translation and
destabilizing mRNAs, leading to mRNA decay (Fabian et al., 2010). mRNA
levels of ifet-1 were observed to be higher in both ifet-1(xw62) and ifet1(xw63) compared to N2 (Figure 5.7). It is important to measure the protein
level of IFET-1 in both ifet-1(xw62) and ifet-1(xw63) to test whether mutations
in the 3’ UTR result in elevated levels of IFET-1 protein. To do so,
CRISPR/Cas9 genome editing was used to generate an 3xFLAG
endogenously tagged IFET-1 with wild type or mutated 3’UTRs in ifet-1(xw62)
and ifet-1(xw63) genetic backgrounds (Figure 5.8A). First, they were tagged
with tagRFP::3xflag at the C-terminus (Figure 5.8A). Then, brood size
analysis was performed in worms expressing ifet-1 with the endogenous
RFP::3xflag. Interestingly, the total number of progeny in ifet1(xw62)::RFP::3xflag was not different from the control (Figure 5.8B). And
hermaphrodites of ifet-1(xw63)::RFP::3xflag were almost sterile (Figure 5.8B).
It is possible that the RFP::3xflag at the C-terminus had a moderate influence
on ifet-1 expression or function with unknown mechanism as tagged ifet1(xw63) had an enhanced phenotype compared to untagged ifet-1(xw63)
(Figure 5.8C). Next, the control and mutant hermaphrodites were observed
with fluorescence imaging to understand the expression of IFET-1. The RFP
was mostly expressed in the germline, and at the L4 stage, the fluorescence
intensity was decreased for ifet-1(xw62), and unchanged for ifet-1(xw63)
(Figure 5.8D). At the young adult stage, the fluorescence intensity was
significantly lower in ifet-1(xw63), and not different in ifet-1(xw62) from control
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(Figure 5.8E). The change of ifet-1 expression only at the L4 stage instead of
adult in ifet-1(xw62) is consistent with previous phenotype analysis suggesting
that defects are present at the L4 stage only for ifet-1(xw62) (Figure 5.3B).
However, because the ifet-1(xw62)::tagRFP::3xflag had brood size
comparable to control (Figure 5.8A), the fluorescence intensity change didn’t
correlated with the phenotype.
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Figure 5. 8 Endogenous C-terminal tag of RFP::3xflag abolishs the
brood size phenotype in ifet-1(xw62).
(A) ifet-1 wild type or with mutated 3’UTR were tagged with tagRFP::3xflag at
C’ terminal by CRISPR genome editing. (B)
ifet-1(xw62)::tagRFP::3xflag hermaphrodites had brood size comparable to
tagged control (ifet-1::tagRFP::3xflag). (C) tagRFP::3xflag tagged xw63 had
enhanced phenotype compared to untagged xw63. (D)The RFP fluorescence
intensity in control or mutant hermaphrodites at L4 stage. (E) The RFP
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fluorescence intensity of germline in control or mutant hermaphrodites at
young adult stage. For each hermaphrodite, only one germline was analyzed.
The box and whisker plot showed fluorescence intensity with the lower and
upper line indicating the min and max, respectively. The statistical test
between control and mutant was performed using Dunnett(B)(D)(E) or
Welch’s T-test (C). And the error bar represents expression SEM.
The ifet-1(xw62)::tagRFP::3xflag had normal brood size compared to
control (Figure 5.8B), likely due to influence of this long tag on the normal
expression or function of ifet-1, therefore, I constructed a new set of strains
that had the smaller 3xflag tag added to the endogenous locus using
CRISPR/Cas9 genome editing (Figure 5.9A). Similarly, it was observed that
the brood size of ifet-1(xw62)::3xflag was not significantly different from
control (Figure 5.9B). ifet-1(xw63)::3xflag worms had decreased brood size
comparable to untagged ifet-1(xw63) (Figure 5.9B and C). The reason why
ifet-1(xw62)::3xflag had normal brood size remains unknown, rendering ifet1(xw62)::3xflag useless to determine IFET-1 expression level. In the future,
an antibody that recognizes IFET-1 could be used in Western blotting to study
the protein level of IFET-1 in ifet-1(xw62) and ifet-1(xw63), which will further
the understanding of the molecular mechanism of 3’UTR variations in ifet1(xw62) and ifet-1(xw63).
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Figure 5. 9 Endogenous 3xflag tag at the C-terminus abolishs the brood
size phenotype in xw62.
(A) ifet-1 with wild type or mutated 3’UTR were tagged with 3xflag at C’
terminal by CRISPR genome editing. (B) ifet-1(xw62)::3xflag hermaphrodites
had brood size comparable to tagged control (ifet-1::3xflag). (C) ifet1(xw63)::3xflag hermaphrodites had brood size comparable to untagged ifet1(xw63). The scatter plot showed the number of total progeny with each dot
representing individual worm and the error bar representing Mean ± SD. The
comparison between data sets was performed using Dunnett or Welch’s Ttest, and the significant difference is represented as *, p<0.05; **, p<0.01; ***,
p<0.001; ****, p<0.0001 above each data set.
Summary
ifet-1 was revealed by miRNA- target network analysis as potential
target of multiple male gonad-enriched miRNAs. To test the targeting of ifet-1
by miRNAs, 3’UTR of ifet-1 was modified to delete miRNA binding sites in ifet1(xw62). A mutant with large portion of 3’UTR missing in ifet-1(xw63) was
also generated. IFET-1 functions as a translational repressor for numerous
targets to regulate normal gonad organization, oogenesis, P granule
formation, and early embryonic development (Guven-Ozkan et al., 2010; Li et
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al., 2009; Sengupta et al., 2012). IFET-1 also interacts with one of the eIF4Es,
IFE-3, to function in regulating the spermatogenesis-oogenesis switch through
germline sex determination (GSD) in hermaphrodites (Huggins et al., 2020).
If ifet-1 is regulated by miRNAs, ifet-1(xw62) is expected to have higher
mRNA expression and protein level than wild type. RT-qPCR did identify
upregulated ifet-1 mRNA levels (Figure 5.7A). However, this phenotype was
only identified in hermaphrodites of the ifet-1(xw62). A reduced sperm
production independent of GSD likely contributed to the lower brood size in
ifet-1(xw62), indicating a previously unknown function of IFET-1 in regulating
sperm production. It is also possible that defects in the ifet-1(xw62) does not
result from the loss of miRNA-regulation in the 3’UTR. The editing might have
affected the 3’ UTR in other ways. To address that, Western Blotting can be
used to understand the expression level of IFET-1 protein in ifet-1(xw62).
Importantly, IFET-1 protein level will be studied in both L4 and adult
hermaphrodites of ifet-1(xw62) to elucidate the molecular mechanism
underlying decreased sperm production in the mutants.
The hermaphrodite fertility is severely affected in ifet-1(xw63). First,
embryonic lethality was observed. IFET-1 functions to regulate various
downstream targets and this regulatory role is important for normal embryonic
development (Guven-Ozkan et al., 2010, p. 1; Li et al., 2009). Future work will
further characterize the embryonic lethality in ifet-1(xw63). The viable worms
had no easily observed defects before adulthood. And the germline defects,
such as small oocytes and germline development defects which are
characteristic of ife-3 knock-down (Huggins et al., 2020), have been observed.
The phenotype analysis has suggested an IFET-1 loss of function in ifet-
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1(xw63). The mRNA level is upregulated at both L4 and adult stage in ifet1(xw63) (Figure 5.7A and B). And the RFP level in ifet1(xw63)::tagRFP::3xflag was decreased in adult. To validate the IFET-1 loss
of function in ifet-1(xw63), Western Blotting will be used directly to detect
IFET-1 protein levels, and this can provide clues on the mechanism by which
the 3’UTR variation in ifet-1(xw63) affects IFET-1 function.
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Chapter 6. Discussion
Overview
The C. elegans germline shows dynamic regulation of gene expression
to allow for the proliferation and differentiation of germ cells and the
production of functional gametes (Ebbing et al., 2018; Ortiz et al., 2014b;
Reinke et al., 2000b, 2004; Tzur et al., 2018b). Translational regulation
through the 3’ UTR is pervasive in the germline (Merritt et al., 2008) and
miRNAs have been shown to be expressed and contribute to the regulation of
germ cell development and function in C. elegans (Bezler et al., 2019; Brown
et al., 2017; Bukhari et al., 2012; Dallaire & Simard, 2016; Diag et al., 2018;
Lehrbach et al., 2012; McEwen et al., 2016; Minogue et al., 2018). More
studies focused on dissecting the roles of miRNAs in hermaphrodite germline,
while their specific roles in male germline, particularly in spermatogenesis, are
largely unknown. Here, disruption of miRNA biogenesis in Parsha or Drosha
mutants was shown to severely affect male fertility, including mating behavior
and sperm production. miRNAs bind to Argonaute proteins, ALG-1, ALG-2,
and ALG-5, to regulate mRNA targets in C. elegans. The analysis on
Argonaute single or multiply mutants indicates that the three miRNAassociated Argonaute proteins function redundantly to regulate male mating
behavior, germline organization, and germline function. Interestingly, the
spermatogenesis was found to occur at improper location in Argonaute
mutants, suggesting a possible male specific role of miRNAs in regulating
spermatogenesis.
Small RNA sequencing of isolated gonad arms from males and
hermaphrodites was first described by Bezler et al (2019) and results
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presented here are consistent. Next, 29 miRNAs were identified with higher
expression in male gonads compared to hermaphrodite, suggesting that they
potentially function in male gonads to regulate sperm production or function.
Then miRNA loss of function mutants were analyzed primarily by mating
assay, brood size assay, and sperm quantification. A set of male gonadenriched miRNAs were shown to be required for optimal male or
hermaphrodite fertility and fecundity. mir-83 mutant males failed to mate with
hermaphrodite to produce cross progeny due to defective interaction with
hermaphrodites. mir-58.1, mir-83, and mir-235, and one miRNA cluster, mir4807-4810.1 were found to be necessary for optimal sperm production under
normal growth conditions because the miRNA mutants produced decreased
number of sperm compared to control, and this is possibly caused by
defective meiotic progression in the male germline. And two miRNA clusters,
mir-1018-4923.1 and mir-2209.2-2209.3, were shown to influence the normal
function of mir-58.1, mir-83, and mir-235, and mir-4807-4810.1 to regulate
male sperm production. I also identified a few miRNA mutants with reduced
sperm production at 25ºC, suggesting that miRNAs function to promote the
spermatogenesis under moderate temperature stress.
Furthermore, multiply mutants of mir-58.1, mir-83, mir-235, and mir4807-4810.1 didn’t display a strictly enhanced phenotype compared to single
mutant, suggesting a complex genetic interaction between these miRNAs in
regulating sperm production. Finally, with the miRNA-target network analysis,
candidate targets of miRNAs were identified, and some of them were
predicted to be regulated by multiple male gonad-enriched miRNAs. I studied
one of these candidate targets, ifet-1, using ifet-1 3’UTR mutants generated
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by CRISPR-Cas9. ifet-1(xw62) has multiple miRNA binding sites removed,
while ifet-1(xw63) has the whole region removed. ifet-1(xw62) hermaphrodites
had a moderately decreased brood size possibly due to fewer sperm
production, while the mutant males were not affected. And the decreased
sperm production didn’t result from errors in switching from spermatogenesis
to oogenesis at L4molt. This likely indicates a previously unknown role of
IFET-1 in regulating hermaphrodite spermatogenesis during L4. But more
evidence is required to prove that the reduced sperm production in this mutant
is caused by loss of miRNA regulation although I detected increased mRNA
expression level of ifet-1. If ifet-1 is targeted by a specific miRNA, ifet-1 mRNA
expression level will be 123-upregulated in miRNA loss of function mutants.
However, my preliminary results didn’t show such effect in miRNA single
mutants. Because various miRNAs that bind to the same 3’UTR could
cooperate to regulate the target (Flamand et al., 2017), increased ifet-1
mRNA expression may be observed only in miRNA multiply mutants. But it is
also possible that this 3’UTR modification in xw62 is not related to loss of
miRNA regulation. The mechanism underlying the decreased sperm
production in ifet-1(xw62) hermaphrodites needs to be elucidated. ifet-1(xw63)
hermaphrodites had a very low brood size, partially because of embryonic
lethality, and oogenesis defects. The viable worms started to show evident
defects at young adult. This may represent temporal roles of 3’UTR in IFET-1
function. To further dissect the molecular mechanism responsible for the
phenotypes in both ifet-1(xw62) and ifet-1(xw63), understanding of IFET-1
protein level in the mutants is crucial. And this could be studied by Western
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blotting. Collectively, these data indicate that numerous miRNAs are
necessary in the male gonad for optimal sperm production.
Male mating behavior requires normal miRNA biogenesis and function
To ask whether miRNA regulation is important for sperm production
and function, male fertility as studied in various mutants with disrupted miRNA
function. First, mating assay was used to assess the ability of male to mate
with hermaphrodite successfully and thereafter produce cross progeny. For
males without morphological defects particularly in tail structure, a sequential
of events need to occur for successful mating. First, male responds to the
presence of hermaphrodite, and makes contact to initiate sperm transfer
behavior, during which the sperm are activated into motile spermatozoa (Barr,
2006). Then the motile sperm migrate to the spermatheca to fertilize oocytes.
The male sperm usually outcompete hermaphrodite sperm, therefore,
successful mating by male can produce large number of cross-progeny
(Hodgkin, 1983; Ellis & Stanfield, 2014b). Therefore, A lower mating success
and fewer cross-progeny with male mating would potentially indicate defects
in mating behavior, and sperm production or function, respectively.
The miRNA biogenesis pathway mutants of Drosha and DGCR8
displayed strong defects in the mating assay, with mating success
significantly decreased. No successful mating was observed by drsh-1 mutant
males, and they can produce sperm that can be activated into motile
spermatozoa in vitro (Figure 2.6). This suggests drastic mating behavior
defects, and further indicates that miRNAs functioning in regulating mating
behavior are largely dependent on Drosha. These miRNAs mostly likely are
present in the soma, because production of numerous miRNAs in germline is
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independent of Drosha. pash-1(mj100) mutant males didn’t mate with
hermaphrodites at both permissive and restrictive temperature (Table 2.1).
Because pash-1(mj100) caused modest effect on miRNA biogenesis even at
the permissive temperature (Lehrbach et al., 2012), mating success reduction
at 15 ºC suggests that mating behavior is very sensitive to miRNA regulation.
mjEx331 drives the expression of wild type of pash-1 in the soma only
because extrachromosomal arrays are repressed in germline. And mjEx331
can rescue the phenotypes of pash-1(mj100) at restrictive temperature.
Interestingly, pash-1(mj100); mjEx331 mutant males displayed a defective
mating behavior at both permissive and restrictive temperature although
miRNA biogenesis is rescued in the soma. The lower mating success could
result from disruption of miRNA function in the germline. However, at 15 ºC,
miRNA biogenesis is only mildly affected in the germline, but the mutant had
16 out of 101 successful mating. This suggests that low mating success of
mutant males at 15 ºC could be attributed to sperm formation or function
defects in the germline. The number of sperm produced in pash-1(mj100) is
comparable to control at 15 ºC, and sperm activation was shown not to be
affected even at 25 ºC. Because of that, the defective mating behavior in
pash-1(mj100); mjEx331 at 15 ºC seems unexpected. A recent study shows
that the repression of extrachromosomal arrays in germline is temperature
dependent, with active expression at 25 ºC but repressed at lower
temperature (Aljohani et al., 2020). This means that the pash-1(mj100);
mjEx331 has miRNA biogenesis rescued in both soma and germline at 25 ºC.
Despite that, pash-1(mj100); mjEx331 mutant males had strikingly low mating
success (21 out of 227). It is possible that a high copy of the
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extrachromosomal array mjEx331 is expressed, resulting in overexpression of
Pasha activity. An excess of Pasha can negatively affect miRNA biogenesis in
vitro (Gregory et al., 2004). Therefore, the mjEx331 could influence miRNA
biogenesis negatively. Otherwise, overexpression of pash-1 could induce
increased miRNA biogenesis, resulting in miRNA gain of function. Although
effect of pash-1 overexpression in miRNA biogenesis is unknown, either
occasion can help to explain why pash-1(mj100); mjEx331 males displayed
defective mating behavior at 15 ºC. These data suggest that regulatory roles
of miRNAs are essential for mating behavior.
miRNA function in regulating mating behavior
Analysis on miRNA - associated Argonaute mutants also indicates that
miRNA function is necessary for normal mating behavior. 145, 119, and 26
miRNA, respectively, bind to ALG-1, ALG-2, and ALG-5 to regulate target
mRNA, respectively, and 105 miRNAs are shared between ALG-1 and ALG-2
(Brown et al., 2017). The function of ALG-5 is mainly in the germline due to its
expression pattern. alg-5 mutant males displayed decreased mating success
(Figure 3.1A). This could indicate a somatic role of ALG-5 to influence mating
behavior. It could also suggest that miRNA-mediated regulation in the
germline is important for normal mating behavior. And the enhanced
phenotype in alg-5; alg-2 double mutant indicates a redundant role in soma
likely mediated by the 19 miRNAs that are shared between them. alg-1 is
primarily expressed in the soma, and its mutant males displayed strong
phenotype (Figure 3.1A). Therefore the 40 miRNAs that specifically bind to
ALG-1 play essential roles in regulating male mating behavior, which could be
the focus of future work to understand miRNA regulatory roles in this process.
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Regulatory role by mir-83 is important for male-hermaphrodite
interaction
Furthermore, the analysis of selective miRNA mutants identified three
miRNAs necessary for optimal male mating, mir-83, mir-789.2, and mir-2221.
Interestingly, mir-49 and mir-789.2, was shown to affect the phenotype of mir83 and mir-789.2 mutant male, respectively. This suggests that various
miRNAs regulate mating behavior both negatively and positively through
targets. And mir-83 mutant showed few interactions with hermaphrodites,
suggesting defects in the ability to detect or respond to hermaphrodites. The
hermaphrodite signals are important for male mate searching behavior
(Lipton, 2004). Male ascaroside and serotonin play central roles in regulating
male-hermaphrodite interaction (Carre-Pierrat et al., 2006; Izrayelit et al.,
2012; Aprison & Ruvinsky, 2015). mir-83 mutant males may have possible
defects in sensing and responding to hermaphrodite signals, or ascroside or
serotonin signaling in mutant males is disrupted. Other possible defects in the
neural circuit regulating mating behavior could also contribute to the
phenotype in mir-83 mutant males.
miRNAs promote male mating behavior in response to moderate
temperature stress
With temperature stress, WT males experience decline in mating
success (Sepulveda & Petrella, 2021 ). This is largely caused by mating
behavior defects but not sperm activation problem (Nett et al., 2019). In this
study, the control males had fewer mating success at 25 ºC (20 out of 63)
compared to 20 ºC (27 out of 42). And pash-1(mj100); mjEx331 males had
fewer mating success at 25 ºC (21 out of 227) compared to 20 ºC (19 out of
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56). Mating behavior in both control and mutant male is sensitive to
temperature stress. Also, the reduced mating success phenotype in pash1(mj100); mjEx331 relative to control is further enhanced at 25 ºC (Figure
2.1), suggesting miRNAs can normally function to promote the male mating
behavior under temperature stress. Taken together, male mating behavior is
largely dependent on normal miRNA function.
Sperm production requires normal miRNA biogenesis and function
pash-1(mj100) mutant males had reduced sperm production at 20ºC or
25ºC, and the phenotype is enhanced at 25ºC. This suggests that sperm
production is sensitive to miRNA regulation variation. Interestingly, drsh-1
mutant males displayed a moderately increased sperm production, which may
reflect a negative role of inhibitory miRNAs in regulating sperm production.
The alg-1 RNAi on alg-2 mutant males induced various germline defects,
including abnormal sperm production occurred in the distal arm of gonad
compared to the proximal arm in the control. ALG-2 and ALG-5 are the main
miRNA-associated Argonaute proteins in germline. Sperm quantification of
the alg-5; alg-2 double mutants had decreased sperm production (Mean=293)
compared to control (Mean=364). This could represent a miRNA regulation
specifically in germline to regulate sperm production. These data suggests
that miRNA function play roles in regulating sperm production.
New functions identified for male gonad-enriched miRNAs
To dissect the role of individual miRNAs in regulating sperm
production, loss of function mutants of male gonad-enriched miRNAs were
studied. A set of 3 individual miRNAs (mir-58.1, mir-83, and mir-235) and a
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miRNA cluster (mir-4807-mir-4810.1) are required for optimal sperm
production. Previous studies have established functions for mir-58, mir-83,
and mir-235. The mir-58 family functions to regulate the TGF-b pathway to
influence growth and dauer formation (de Lucas et al., 2015) and to prevent
apoptosis during embryogenesis (Sherrard et al., 2017). mir-83 modulates the
migration of distal tip cells particularly in response to temperature stress
(Burke et al., 2015), and coordinates autophagy with aging (Zhou, Wang, et
al., 2019). Lastly, mir-235 has been shown to keep neural progenitor cells in a
quiescent state (Kasuga et al., 2013; Kume et al., 2019), to mediate dietary
restriction-induced longevity (Xu et al., 2019), and to protect the worm from
graphene oxide toxicity in intestine (T. Guo et al., 2020). Therefore, to our
knowledge, we have defined new functions of mir-58.1, mir-83, mir-235, and
mir-4807-4810.1 in the male gonad to regulate sperm production in normal
growth conditions.
And except their germline function, somatic roles of these miRNAs may
also contribute to regulate sperm production. Studies have suggested that
soma-germline interaction can affect germline function. For example, pro-1
functions in somatic gonads to establish proliferation/differentiation pattern in
germline, and pro-1 mutant displayed unusual proliferation in proximal
germline, which is normally occupied by gametogenesis (Killian & Hubbard,
2004). The MSP released by sperm regulates oocyte growth and meiotic
progression, and this sperm-oocyte interaction mediated by MSP is regulated
by somatic cAMP signaling, and G protein signaling (Govindan et al., 2006,
2009). Future study on the targets of these miRNAs will help to dissect their
somatic and germline roles in regulating sperm production. Because all
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miRNA mutant males are fertile, these functions of miRNAs likely contribute to
the robustness and fidelity of sperm production rather than function as
essential regulators of the core machinery of spermatogenesis.
Four male gonad-enriched miRNAs may regulate meiotic progression
Of the four miRNAs found to regulate spermatogenesis, two were
observed to be necessary in both males and hermaphrodites, mir-58.1, and
mir-235, and two were observed to be necessary only in males, mir-83 and
the miRNA cluster mir-4807-4810.1. While the onset of sperm production is
modestly delayed in mir-4807-4810.1, it is unaffected in the other three
mutants. However, all four miRNAs are observed to be required for the normal
rate of sperm production. This could reflect a slower rate of mitosis in the
proliferative region of the gonad arm or a slower rate of meiotic progression.
Interestingly, mir-58.1, mir-83, mir-235, and mir-4807-4810.1 were
found to be necessary for normal progression through the early stages of
meiosis in the transition zone. The transition zone in the C. elegans gonad is
the region of the gonad in which germ cells first enter meiosis and show the
polarized, crescent shaped nuclear morphology that corresponds with the
early chromosome pairing events in leptotene/zygotene of prophase I
(Colaiácovo, 2013; Dernburg et al., 1998). In wild-type animals, germ cells
lose this crescent morphology as they complete chromosome pairing and
progress to pachytene. Mutant hermaphrodites that have defects in
chromosome pairing and synapsis, such as syp-1, display an extended
transition zone region with more polarized nuclei (MacQueen et al., 2002). In
contrast, plk-2 mutant hermaphrodites have defects in the synapsis
checkpoint regulation and display a shorter transition zone region despite
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showing asynapsis of chromosomes (Harper et al., 2011b). We hypothesize
that the shorter transition zones observed in mir-58.1, mir-83, mir-235, and
mir-4807-4810.1 mutants may indicate that this set of miRNAs promotes the
synapsis checkpoint (Harper et al., 2011b; Jaramillo-Lambert et al., 2007).
This could result in germ cells exiting leptotene/zygotene with asynapsis of
chromosomes possibly causing delays or defects in meiotic progression to
form haploid spermatids in males. Future work could examine potential direct
targets of mir-58.1, mir-83, mir-235, and mir-4807-4810.1 with meiotic
regulatory roles, such as htz-1, and dpy-28, suggested by germline
transcriptome gene ontology analysis (Ortiz et al., 2014b).
Male gonad-enriched miRNAs may buffer environmental stress.
pash-1(mj100) mutant males displayed reduced sperm production at
20ºC or 25ºC, and the phenotype is enhanced at 25ºC. This suggests that
some miRNAs normally function under moderate temperature stress to
protect male mating behavior.
In addition to mir-58.1, mir-83, mir-235, and mir-4807-4810.1, three miRNAs,
mir-49, mir-57, and mir-261, and one miRNA cluster, mir-357/358, were
identified to promote sperm production in conditions of moderate temperature
stress (25ºC). This is consistent with the model that miRNAs function to buffer
environmental stressors possibly by acting as fine tuners of gene expression
(Burke et al., 2015; T. Guo et al., 2020; Isik et al., 2016; Pagliuso et al., 2021;
Tran et al., 2019). Thus, miRNA function may only be revealed under stressful
or sensitized conditions (Brenner et al., 2010). For example, some male
gonad-enriched miRNAs are misregulated in worms exposed to graphene
oxide, which is toxic to the germline (Zhao et al., 2016), including mir-2210,
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mir-4810, and mir-4807. Our results highlight a role of miRNA in regulating
sperm production in face of moderate temperature stress, and this conditional
role of miRNAs may be observed under other stress conditions.
miRNAs function in complex genetic networks in male gonads
A simple model of the male gonad-enriched miRNAs that are involved
in sperm production is that these miRNAs function together to regulate shared
pathways, as has been observed for miRNA family members, which share a
common 5’ “seed” sequence (nucleotides 2-7) (Abbott et al., 2005; AlvarezSaavedra & Horvitz, 2010; Duchaine & Fabian, 2019). However, the set of
gonad-enriched miRNAs involved in sperm production, mir-58.1, mir-83, mir235, and mir-4807-4810.1, are not all in the same miRNA family and thus are
not necessarily predicted to regulate common targets. Overall, analysis of
multiply mutant worms indicated a trend that mir-58.1, mir-83, mir-235, and
mir-4807-4810.1 double, triple, and the quadruple mutant had stronger
defects than the set of single mutants. However, there were exceptions, which
suggest more complex genetic relationships. Our data are not consistent with
a simple additive model for miRNA function but rather indicate that these male
gonad-enriched miRNAs have targets and pathways that can act
antagonistically. For example, mir-235 shows opposing activity to mir-83 in
double mutant strains but shows additive activity with mir-58.1. Because
miRNAs typically function as negative regulators of their downstream targets,
this antagonism is expected to reflect the indirect effects of target
misregulation rather than opposing activities on direct shared targets.
The miRNA cluster that includes mir-2208.1, mir-2208.2, mir-2209.1,
mir-2209.2, and mir-2209.3 includes one of the most abundantly cloned
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miRNAs from male gonads, mir-2209.1 (Bezler et al., 2019, this study).
However, loss of the miRNA cluster that includes mir-2209.1, did not result in
reduced mating, fecundity, or sperm production in males. With further
investigation of genetic interactions of the mir-1018-4923.1 and the mir2209.2-2209.3 clusters, we observed that mir-2209.2-2209.3 cluster can
suppress the reduced sperm number phenotype of mir-83, and mir-48074810.1. Similarly, loss of another male gonad-enriched miRNA cluster, mir1018-4923.2 could suppress the reduced sperm number phenotype
associated with loss of mir-235, and mir-4807-4810.1. These data suggest
that miRNAs within these two clusters can act antagonistically in the
regulation of sperm production. Taken together, various miRNAs function in a
genetic network to regulate sperm production.
Collectively, data from this study support a model for miRNA function
regulating male fertility (Figure 6.1). Males produce sperm continually starting
from L4. Numerous miRNAs regulate sperm production both negatively and
positively. mir-235, mir-58.1, mir-83 and mir-4807-4810.1 are required for
optimal sperm production, likely by regulating meiotic progression in germline.
mir-235 also act antagonistically with mir-83, and mir-4807-4810.1 through
unknown mechanism. Some miRNAs may indirectly influence sperm
production by genetic interaction with other miRNAs. For example, mir-10184923.1 and mir-2209.2-2209.3 can interact with mir-235 or mir-4807-4810.1 to
affect their roles in sperm production. Also, some miRNAs function to promote
sperm production under moderate temperature stress, such as mir-49, mir-57,
mir-261, and mir-357/358. Next, when adult male starts to search mate, the
male mating behavior is highly dependent on miRNA function. mir-83 is
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required for normal male-hermaphrodite interaction, and various miRNAs
could interact to affect male mating behavior. The sperm are activated into
motile spermatozoa during mating. This process doesn’t necessarily require
miRNA function. Further, male sperm migrate to hermaphrodite spermatheca
and are used preferentially to fertilize oocyte. Therefore, large number of
cross-progeny are generated. Whether miRNA play important roles in spermoocyte interaction remains largely unknown. A major obstacle lies in drastic
mating behavior defects in miRNA biogenesis mutants or Argonaute mutants.
This challenge could be addressed by studying possible regulation roles of
miRNAs in sperm-oocyte interaction in hermaphrodite.
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Figure 6. 1 miRNAs function to regulate male fertility
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Chapter 7: Method and Materials
Strains
All C. elegans strains were maintained by growing on AMA1004 seeded NGM
plates. To facilitate the phenotypic analysis on both males and
hermaphrodites, him-8; his-72 (him-8(e1489); his-72(HIS-72::GFP(stls10027))
was crossed to all mutants to allow male production and easy sperm count
(Huang et al., 2012). him-8; his-72 was used as a control in experiments
unless specified. All strains analyzed in this paper are listed in Table 7.1.

Table 7. 1 List of strains assayed in this study
Strain
Name
SX1359
RF979
RF1004
RF1005
VC1138
RF976

RF1052
RF981
RF1026
RF1010
RF1006
RF1009
RF1011
RF1013
RF1030
RF1032
RF984

Genotype
Chapter 2
pash-1(mj100) I;mjEx331
drsh-1 (ok369)/hT2 I; him-8 (e1489) IV; stIs10027
pash-1(mj100) I; him-8(e1489) IV; stIs10027
pash-1(mj100) I; him-8(e1489) IV; stIs10027; mjEx331
drsh-1(ok369) I/hT2[bli-4(e937) let-?(q782) qIs48](I;III)
him-8(e1489) IV; stIs10027 [his-72 1kb::HIS-72::GFP; unc119(+)]
Chapter 3
him-8(e1489) IV; alg-1(gk214) X; stIs10027
alg-2 (ok304) II; him-8 (e1489) IV; stIs10027
alg-3(tm1155) him-8(e1489) IV; stIs10027
alg-4(ok1041) III; him-8(e1489) IV; stIs10027
alg-4(ok1041) III; alg-3(tm1155) IV; him-8(e1489) IV;
stIs10027
alg-5(tm1163) I; alg-4 (ok1041) III; him-8(e1489) IV;
stIs10027
alg-2(ok304) II; alg-4(ok1041) III; him-8(e1489) IV; stIs10027
alg-2(ok304) II; alg-4(ok1041) III; alg-3(tm1155) him-8(e1489)
IV; stIs10027
alg-5(tm1163) I; alg-3 (tm1155) him-8(e1489) IV; stIs10027
alg-5(tm1163) I; alg-2(ok304) II; alg-3 (tm1155) him-8(e1489)
IV; stIs10027
alg-5 (tm1163) I; him-8 (e1489) IV; stIs10027
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RF986
RF1054
RF1031
RF1036

alg-5 (tm1163) I; alg-2 (ok304) II; him-8 (e1489) IV; stIs10027
alg-5(tm1163) I; him-8(e1489) IV; alg-1(gk214) X; stIs10027
alg-2(ok304) II; alg-3(tm1155) him-8(e1489) IV; stIs10027
alg-5(tm1163) I; alg-2(ok304) II; alg-4(ok1041) III; alg3(tm1155) him-8(e1489) IV; stIs10027

RF1035

alg-5(tm1163) I; alg-4(ok1041) III; alg-3(tm1155) him8(e1489) IV; stIs10027
Chapter 4
wild type
him-8(e1489); stIs10027
mir-2209.1 mir-2209.3 (xwDf2) him-8 (e1489) IV; stIs10027
him-8(e1489) mir-2209.2-2209.3(xwDf11) IV; stIs10027
him-8(e1489) IV; mir-4807(xw25) X; stIs10027
him-8(e1489) IV; mir-4807-4810.1(xwDf5) X; stIs10027
him-8(e1489) IV; mir-1018-4923.1(xwDf8); stIs10027
him-8(e1489)IV; mir-4807-4810.1 (xwDf14) mir-10184923.1(xwDf8) X; stIs10027

N2
RF1025
RF1092
RF1123
RF1115
RF1104
RF1121
RF1162
RF1136
RF1155
RF1168

mir-789.1(xw34) him-8(e1489) IV; stIs10027
him-8(e1489) IV; mir-1819(xw42) X; stIs10027
him-8(e1489) mir-2209.2-2209.3(xwDf11) IV; mir-48074923.1(xwDf14) X; stIs10027

RF1157
RF1192
RF1215

mir-1822(xw45) II; him-8(e1489) IV; stIs10027
mir-58.3(xw39) him-8(e1489) IV; stIs10027
mir-58.1(n4640) IV mir-58.3(xw39) him-8(e1489) IV;
stIs10027
mir-2210(xw55) him-8(e1489) IV; stIs10027 2x backcrossed
him-8(e1489) IV; mir-2221(xw53) X; stIs10027
him-8(e1489) mir-789.1(xw34) mir-789.2(w61) IV; stIs10027
him-8(e1489) mir-789.2(xw61) IV; stIs10027
him-8(e1489) IV; mir-796(xw58) X; stIs10027
him-8(e1489) IV; mir-1821(xw51) V; stIs10027
mir-235(n4504) I; him-8(e1489) IV; stIs10027
him-8(e1489) IV; mir-357/358(nDf60) V; stIs10027
him-8(e1489) IV; mir-49(zen99) X; stIs10027
mir-261(n4594) II; him-8(e1489) IV; stIs10027
him-8(e1489) IV; mir-75(n4472) X; stIs10027
mir-57(gk175) II; him-8(e1489) IV; stIs10027
mir-83(n4638) him-8(e1489) IV; mir-49(zen99) X; stIs10027
mir-83(n4638) him-8(e1489) IV; stIs10027
mir-58(n4640) him-8(e1489) IV; stIs10027
mir-235(n4504) I
mir-357/358(nDf60)

RF1186
RF1190
RF1220
RF1194
RF1199
RF1176
RF1063
RF1067
RF1170
RF1059
RF1138
RF998
RF1213
RF1081
RF1024
MT14522
MT15019
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RF5
RF1178
RF621
RF1241

mir-83(n4638) IV
mir-2221(xw53) X; 2x backcrossed
mir-58 (n4640) IV. 4x backcrossed
mir-235(n4504) I; mir-2209.2-2209.3(xwDf11) him-8(e1489)
IV; stIs10027

RF1248

mir-235(n4504) I; him-8(e1489) IV; mir-1018-4923.1(xwDf8);
stIs10027

RF1233

mir-2209.2-2209.3(xwDf11) him-8(e1489) IV; mir-48074810.1(xwDf5) X; stIs10027

RF1249

mir-2209.1 mir-2209.3(xwDf2) him-8(e1489) IV; mir-48074810.1(xwDf5)X; stIs10027

RF1252

mir-58.1(n4640) him-8(e1489) IV; mir-1018-4923.1(xwDf8) X;
stIs10027

RF1243

mir-2209.2-2209.3(xwDf11) mir-58.1(n4640) him-8(e1489) IV;
stIs10027

RF1246

mir-83(n4638) mir-2209.1 mir-2209.3(xwDf2) him-8(e1489)
IV; stIs10027

RF1242

mir-83(n4638) mir-2209.2-2209.3(xwDf11) him-8(e1489) IV;
stIs10027

RF1247

mir-83(n4638) him-8(e1489) IV; mir-1018-4923.1(xwDf8) X;
stIs10027

RF1234

mir-235(n4504) I; him-8(e1489) IV; mir-4807-4810.1(xwDf5)
X); stIs10027

RF1227
RF1226
RF1235

mir-235(n4504) I; mir-58.1(n4640) him-8(e1489) IV; stIs10027
mir-235(n4504) I; mir-83(n4638) him-8(e1489) IV; stIs10027
mir-58.1(n4640) him-8(e1489) IV; mir-4807-4810.1(xwDf5) X;
stIs10027

RF1237

mir-83(n4638) him-8(e1489) IV; mir-4807-4810.1(xwDf5);
stIs10027
mir-58.1(n4640) mir-83(n4638) him-8(e1489) IV;stIs10027
mir-235(n4504) I; mir-58.1(n4640) him-8(e1489) IV; mir-48074810.1(xwDf5)X; stIs10027

RF1231
RF1250
RF1251

mir-235(n4504) I; mir-83(n4638) him-8(e1489) IV; mir-48074810.1(xwDf5) X); stIs10027

RF1253

mir-235(n4504) I; mir-58.1(n4640) mir-83(n4638) him8(e1489) IV; stIs10027

RF1254

mir-58.1(n4640) mir-83(n4638)him-8(e1489) IV; mir-48074810.1(xwDf5) X; stIs10027

RF1256

mir-235(n4504) I; mir-58.1(n4640) mir-83(n4638) him8(e1489) IV; mir-4807-4810.1(xwDf5)X; stIs10027
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RF1277

mir-83(n4638) mir-2209.2- mir-2209.3(xwDf11) him-8(e1489)
IV;mir-4807-4810.1(xwDf5)X; stIs10027

RF1278

mir-83(n4638) mir-2209.1 mir-2209.3(xwDf2) him-8(e1489)
IV;mir-4807-4810.1(xwDf5)X; stIs10027

RF1264
RF1266
RF1273
RF1280
RF1281
RF1282
RF1182

Chapter 5
ifet-1(xw64[ifet-1::tagRFP::3xflag])III. 2xbackcrossed
ifet-1(xw66[ifet-1(xw62)::tagRFP::3xflag])III. 2xbackcrossed
ifet-1(xw70[ifet-1(xw63)::tagRFP::3xflag])III. 2xbackcrossed
ifet-1(xw72[ifet-1::3xflag])III; 2x backcrossed
ifet-1(xw73[ifet-1(xw62)::3xflag])III; 2x backcrossed
ifet-1(xw74[ifet-1(xw63)::3xflag])III; 2x backcrossed
ifet-1(xw62) III 2x backcrossed

RF1183

ifet-1(xw63) III 2x backcrossed

RF1188
RF1208

ifet-1(xw62) III; him-8(e1489) IV; stIs10027
ifet-1(xw63) III; him-8(e1489) IV; stIs10027

RF1267

ifet-1(xw67[ifet-1::tagRFP::3xflag])III. 2xbackcrossed

CRISPR/Cas9 mutagenesis
miRNA mutants were generated using CRISPR/Cas9, by which miRNA
sequences were knocked out when Cas9-mediated cut with single sgRNA or
two sgRNA sites was repaired with a template missing the mature miRNA
sequence (Dickinson et al., 2013). Briefly, sgRNA encoding sequence and
self-excising cassette (SEC)-containing repair templates were assembled in a
plasmid using SapTrap (Dickinson et al., 2015, 2018). The sgRNA, SEC, and
repair template plasmid, Cas9 expression plasmid, and co-injection markers
(pGH8, pCFJ104, and pCFJ90) were injected into the gonads of young adult
hermaphrodites. When two sgRNAs were used, the second sgRNA was
cloned to Cas9-containing plasmid pDD162 with Q5 mutagenesis kit.
Plasmids were obtained from Addgene. Candidates were selected using the
dominant Roller phenotype and hygromycin resistance. The SEC was
removed by heat shock and the candidates were sequenced to confirm
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accurate genome modification. All miRNA loss of function mutants
constructed by CRISPR/Cas9 were backcrossed to N2 twice before
phenotypic analysis. Strains with new mutant alleles and him-8;his-72::gfp
were then constructed. The new miRNA loss of function alleles generated in
this paper and the designs for CRISPR were listed in Table 7.2.

Table 7. 2 miRNA loss of function mutant generation by CRISPR/Cas 9.
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Alternatively, ifet-1 3’UTR mutants in Chapter 5 were generated by
injection of CRISPR/Cas-9 ribonucleoprotein (RNP) complex into gonad
(Dokshin et al., 2018; Ghanta & Mello, 2020).The injection mixture contain
S.pyogenes Cas9 (10 ug/uL,IDT), tracrRNA(IDT#1072532), crRNA (2
nmolor/10nmol,IDT), and ssDNA donor (standard desalting;4nmol
Ultramer,IDT) or dsDNA donor ordered by gblocks from IDT. PRF4::rol6(su1006) was used as injection maker.
Small RNA sequencing
At Day0, L4 males or hermaphrodites were picked from N2 plate. At
Day1, young adult worms were picked to PBS with 1% levamisole to
immobilize them. Two syringes were used to release the gonads and separate
them from the body. Single gonad was isolated for each worm, and the
spermatheca was removed from each hermaphrodite. For each sample, 300
gonads from males or hermaphrodites were collected in Trizol (Invitrogen
15596026) and stored in the -80 freezer prior to total RNA prep
(DirectZol RNA microprep kit, Zymo R2060). Three biological samples were
prepared for N2 male or hermaphrodite. Further, the RNA samples were
processed in University of Wisconsin-Madison Biotechnology Center Gene
expression Center and DNA Sequencing Facility for TruSeq Small RNA
Library construction and sequencing. The RNA-seq analysis was performed
on Galaxy platform. Adapters of small RNA seq reads were trimmed with
Triommatic. Reads were aligned to the reference genome assembly Ce10
with Bowtie2. The aligned reads were annotated with miRbase22 with htseqcount. Differential expression analysis was performed with DESeq2. miRNAs
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were considered significantly expressed between male and hermaphrodite if
they had log2(fold change) > 1 and P-adj < 0.01.
Male Phenotype analysis
Mating assay: At Day0, mating assay was set up on mating plate which has
smaller bacteria lawn to facilitate the interaction between male and
hermaphrodite. One L4 male of control or mutant strains was picked to a plate
with one L4 hermaphrodite of CB933 (unc-17(e245)). At Day1, the males
were removed from the mating plates, and the hermaphrodite was transferred
to a new normal plate every day until Day6. Because Unc hermaphrodites
couldn’t coordinate their movement, while control or mutant strains displayed
normal moving ability, the self-progeny of Unc hermpahrodite would display
defective movement and the cross-progeny sired by male would have normal
movement.
Each mating assay that gave rise to any cross-progeny was counted as
a successfully mating to calculate the mating success. Then for plates from
each day, the number of cross-progeny and self-progeny were counted, and
the percent self-progeny was defined as the number of self-progeny divided
by total number of progeny to determine whether male sperm outcompete
hermaphrodite sperm to fertilize oocyte and produce progeny.
Sperm transfer assay: When reduced mating success was observed, control
males or mutant males were further analyzed to examine their interaction with
hermaphrodites and their ability to successfully transfer sperm to
hermaphrodites. With his-72::gfp transgene in the genetic background,
individual sperm could be detected with characteristic condensed chromatin.
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At Day 0, L4 stage unc-17(e245) hermaphrodites were picked to a new plate.
At Day 1, L4 stage males of control or mutant strains were picked to a new
plate. At Day 2, 5 hermaphrodites were placed on a mating plate and
monitored for interactions upon transfer of 10-15 control or mutant males. The
interactions between males and hermaphrodites were recorded for 30 mins
with a pco.panda 4.2 sCMOS Camera using Nikon Elements software,
followed by moving the hermaphrodites to a slide with agarose pad to
determine if male sperm were successfully transferred. For each
hermaphrodite, if males made contact with the hermaphrodite and exhibited
stereotypical mating behavior movements, it was counted as an “interaction”
between a male and a hermaphrodite. Whether the interaction led to initiation
of sperm transfer was assessed by the number of hermaphrodites with GFP
positive male sperm.
Sperm count: A single male was picked to a 3uL drop of sperm buffer (50mM
HEPES pH7, 25mM KCL, 45mM NaCl, 1mM MgSO4, 5mM CaCl2, 10mM
Dextrose pH7.8) on a glass coverslip, which was placed directly on a slide
allowing the release of sperm from the worm. The number of HIS-72::GFP+
sperm was counted using epifluorescence microscope at 40X.
Sperm onset: Early L4 stage males of control and mutant strains were
observed for presence of haploid spermatids using the his-72::gfp transgene
expression to detect individual sperm with characteristic condensed
chromatin. Early L4 stage males were further staged based on whether tail
retraction was observed (Nguyen et al., 1999). The percentage of males with
spermatids was calculated for all strains.
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Hermaphrodite phenotype analysis
Brood size: At Day1, L4 hermaphrodites were picked from control or mutant
strains, and they were transferred to a new plate every day until no more
progeny production. Plate from each day was counted and total number of
progeny calculated.
Sperm count: For mutant strains that have lower brood size, sperm count in
hermaphrodite was conducted at 4hrs, 5 hrs, or 6hrs post L4molt.
Brood size with mating: To determine whether sperm defect accounts for
the lower brood size in certain mutants, the miRNA mutants and N2 were
analyzed for brood size when mated by control males. Specifically, at Day0,
one hermaphrodite interacts with multiple control males on mating plate. At
Day1, the males were removed from the plate, and the hermaphrodite was
picked to a new normal plate. The hermaphrodite was transferred to a new
plate each day until no more progeny production. The plates from each day
were counted and total number progeny was calculated.
RT-qPCR
Whole worm or gonads were collected in Trizol (Invitrogen 15596026)
and stored in the -80 freezer prior to total RNA prep (DirectZol RNA microprep
kit, Zymo R2060). miRNA expression is determined using Taqman.
Expression of ifet-1 was determined using TScript RT supermix (BioRad
1708840), and SSO Advanced universal SYBR supermix (BioRad 172-5270)
when normalized to tbc-2 and cdc-42. The sequences of tbc-2, cdc-42, and
ifet-1 were used from other studies (Chauve et al., 2020; Hoogewijs et al.,
2008).
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Dapi-staining of isolated gonads
Gonads were dissected for DAPI staining (Gervaise & Arur, 2016;
Kocsisova et al., 2018). At Day 0, males were picked from control or mutant
strains. At Day 1, young adult males were washed 3 times with M9. On a
watch glass, males were transferred to M9 with 1~3uL 100mM levamisole.
Two fine-gauge needles were used to cut the worms at the pharynx and
release the gonad arm. Dissected worms were transferred to a glass conical
tube with methanol stored at -20ºC for at least 1 hour or overnight. After
methanol fixation, the worms were washed 3 times with 1xPBS-T, then
transferred to 1mL glass tube. The worms were incubated in 200uL 1µg/mL
DAPI solution in PBS-T in the dark for 30mins. After 3 washes with PBS-T,
the worms were transferred to an agarose pad with DABCO Mounting
Medium (1,4-Diazobicyclo-(2,2,2) octane, glycerol, 1xPBS, pH 8.6).
Alternatively, the Vectashield mounting medium with DAPI was used directly
(Vector H1200). An eyelash pick was used to position the gonads, and extra
fluid was removed with glass pipette. A glass coverslip (24X50) was placed
gently on top of agarose pad and nail polish was applied to the edge of
coverslip. The slides were stored at 4ºC in the dark overnight. Images were
captured with a Nikon Eclipse Ti Confocal microscope and images were
analyzed using Nikon Elements software.
Prediction of miRNA targets
The targets of mir-235, mir-4807-4810.1, mir-58.1, and mir-83 were
predicted with TargetScan Algorithm. Two previous studies have identified
germline transcriptome. Only those targets that are present in either
transcriptome data were kept for further Gene ontology and KEGG pathway
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analysis with DAVID. Further, we built a miRNA-target network by Cytoscape
to visualize the potential genetic interaction between those miRNAs (Shannon
et al., 2003).
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